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Abstract

When liquids with dispersed colloids evaporate, the colloids left behind can form

complex structures, which are important in many natural phenomena and techni-

cal applications. The availability of superamphiphobic surfaces opens new oppor-

tunities to study the structure formation of evaporating dispersions leading to the

fabrication of supraparticles. Supraparticles are engineered materials formed by

the directed self-assembly of smaller nano- or microparticles. The material prop-

erties of supraparticles can be controlled by tailoring the shape and chemistry

of their building blocks, and evaporation conditions. Thus far, spherical col-

loids have been the conventional choice of building blocks, which leave the use of

anisotropic colloids largely unexplored for controlling the supraparticle structure.

The self-assembly of ellipsoidal particles is, for instance, particularly interesting,

as it offers a broad range of final ordered structures. However, systematic ex-

periments showing the influence of ellipsoid aspect ratio, mixing ellipsoids with

spheres, and evaporation rate on the final supraparticle structure are still lacking.

In this thesis, I attempt to answer such open questions by investigating the struc-

ture formation of evaporation-induced supraparticles composed of polystyrene el-

lipsoids and/or spheres. To do that, I form supraparticles by evaporating aqueous

dispersion droplets of ellipsoids and/or spheres on silicone nanofilaments-based

superamphiphobic surfaces, during which the evaporation process is monitored by

a camera. I perform the evaporation experiments in a humidity chamber, which

allows regulating the humidity, and hence, the evaporation rate. The results

demonstrate the importance of colloidal stability in determining the final supra-

particle morphology, as the evaporation of non-stabilized dispersion droplets leads

to an irregular buckled shape. The spherical supraparticles, which are obtained

after stabilizing the dispersions, present the potential to control the range of or-
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dering of ellipsoids by tuning their aspect ratio and/or the evaporation rate. This

finding is further validated by drying simulations. The supraparticles composed

of randomly packed ellipsoids tend to increase in porosity with increasing ellipsoid

aspect ratio. Furthermore, the sphere-ellipsoid binary supraparticles show that

the increased ordering of ellipsoids can be disrupted by the presence of spheres

under the same evaporation conditions. My findings here highlight the influence

of interparticle interactions, the particle shape and evaporation rate in deter-

mining the final morphology and structure of supraparticles. The conclusions

drawn from varying all these variables could potentially inspire the fabrication of

supraparticles with desired ordered structures for various applications.



Zusammenfassung

Wenn Flüssigkeiten mit dispergierten Kolloiden verdampfen, können die zurück-

bleibenden Kolloide komplexe Strukturen bilden, die für viele natürliche Phänomene

und technische Anwendungen von Bedeutung sind. Die Verfügbarkeit von su-

peramphiphoben Oberflächen eröffnet neue Möglichkeiten zur Untersuchung der

Strukturbildung in verdampfenden Dispersionen, die zur Herstellung von Supra-

partikeln führen. Suprapartikel sind Gebilde, die durch die gezielte Selbstor-

ganisation kleinerer Nano- oder Mikropartikel entstehen. Die Materialeigen-

schaften von Suprapartikeln lassen sich durch Anpassung der Form und der

Chemie ihrer Bausteine sowie der Verdampfungsbedingungen steuern. Bislang

waren kugelförmige Kolloide die herkömmliche Wahl der Bausteine, so dass die

Verwendung anisotroper Kolloide zur Steuerung der Struktur der Suprapartikel

weitgehend unerforscht blieb. Die Selbstorganisation ellipsoider Partikel ist zum

Beispiel besonders interessant, da sie eine breite Palette geordneter Endstruk-

turen bietet. Es fehlen jedoch systematische Experimente, die den Einfluss des

Ellipsoid-Aspektverhältnisses, der Kombination von Ellipsoiden mit Kugeln und

der Verdampfungsrate auf die endgültige Struktur der Suprapartikel zeigen. In

dieser Arbeit versuche ich, diese offenen Fragen zu beantworten, indem ich die

Strukturbildung von verdampfungsinduzierten Suprapartikeln, die aus Polystyrol-

Ellipsoiden und/oder -Kugeln bestehen, untersuche. Dazu bilde ich Suprapartikel,

indem ich wässrige Dispersionstropfen von Ellipsoiden und/oder Kugeln auf su-

peramphiphoben Oberflächen auf Basis von Silikon-Nanofilamenten verdampfe,

wobei der Verdampfungsprozess mit einer Kamera überwacht wird. Ich führe

die Verdunstungsexperimente in einer Feuchtekammer durch, die es ermöglicht,

die Luftfeuchtigkeit und damit die Verdunstungsrate zu regulieren. Die Ergeb-

nisse zeigen, wie wichtig die kolloidale Stabilität für die endgültige Morphologie

iv
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der Suprapartikel ist, da die Verdampfung von nicht ausreichend stabilisierten

Dispersionströpfchen zu einer unregelmäßigen, eingeknickten Form führt. Die

sphärischen Suprapartikel, die nach der Stabilisierung der Dispersionen erhalten

werden, bieten das Potenzial, den die Anordnung der Ellipsoide durch Abstim-

mung ihres Aspektverhältnisses und/oder der Verdampfungsrate zu kontrollieren.

Dieses experimentelle Ergebnis wird durch Trocknungssimulationen bestätigt.

Die Suprapartikel, aus zufällig gepackten Ellipsoiden weisen mit zunehmendem

Ellipsoid-Aspektverhältnis eine zunehmende Porosität auf. Darüber hinaus zeigen

die binären Kugel-Ellipsoid-Suprapartikel, dass die erhöhte Ordnung der Ellip-

soide durch die Anwesenheit von Kugeln unter denselben Verdampfungsbedin-

gungen gestört werden kann. Meine Ergebnisse verdeutlichen den Einfluss der

Wechselwirkungen zwischen den Partikeln, der Partikelform und der Verdamp-

fungsrate auf die endgültige Morphologie und Struktur der Suprapartikel. Die

Schlussfolgerungen, die aus der Variation all dieser Variablen gezogen werden,

könnten die Herstellung von Suprapartikeln mit gewünschten geordneten Struk-

turen für verschiedene Anwendungen inspirieren.
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Chapter 1

Introduction

1.1 Motivation and Outline

The last decades demonstrated many breakthroughs in making nanoparticles with

a wide range of chemical compositions, controlled sizes, and defined morpholo-

gies.1 Due to their superior properties such as high specific surface area, quantum

effects, or catalytic activity, nanoparticles became invaluable in various areas of

science and technology.1;2 Going one step further would be to assemble nanoparti-

cles into larger and more complex entities, such as supraparticles. By assembling

nanoparticles, supraparticles reduce the hazards associated with the high mobility

and nonspecific surface activity of primary nanoparticle building blocks.3 Instead

of the chemical methods required to synthesize nanoparticles, supraparticles can

be made using physical methods based on solvent drying, which are easier to

control.

The superparticulate nature, i.e., combining different nanoscale or colloidal

building blocks into a single object, brings enhanced functionality.1 Usually due

to a distinct structural arrangement or interactions within close proximity, supra-

particles might show emergent properties exceeding the functionalities of its build-

ing blocks.1 Therefore, they are considered as a multifunctional material platform

in various applications of science and technology.

In order to realize functional supraparticles, we need to gain control over

the assembly process, which is directly dependent on the interactions between

the constituent colloids and the process conditions.1;4 Supraparticles offer a wide

1



CHAPTER 1. INTRODUCTION 2

range of building blocks of different sizes, chemistries, and shapes, all of which

are important handles to control structure formation.1;5 Recently, many possibil-

ities of making anisotropic colloids have been demonstrated.6 Assembling shape

anisotropic colloids under spherical confinement into supraparticles provides the

opportunity to tune the colloidal interactions via shape-induced interface de-

formations.7;8 Therefore, nonspherical colloids are promising building blocks for

realizing unique superparticulate assemblies which otherwise cannot be achieved

with spherical colloids.8

The primary goal of this thesis is to understand the structure formation in

supraparticles composed of ellipsoids and sphere-ellipsoid mixtures under vary-

ing ellipsoid aspect ratio and evaporation conditions. In this first chapter, I will

introduce colloids and discuss about evaporating colloidal dispersions on solid

substrates. Then, I will define supraparticles and talk about the characteris-

tics of supraparticle fabrication methods. Later, I will give some examples from

the literature which showcase the structure formation in supraparticles and their

functionalities. Finally, I will present the gap of knowledge and the systematic

experiments I have been doing to answer some of the open questions regarding

the effect of primary colloid shape and of the evaporation rate on the final supra-

particle structure. In Chapter 2, I will introduce the experimental methods to

prepare the superamphiphobic surfaces, the ellipsoidal colloids, the supraparticles

and the associated characterization methods. In Chapter 3, I will discuss results

regarding supraparticles that show a buckled morphology under various condi-

tions, such as varying colloid shape, evaporation rate and initial colloid volume

fraction. Following this, in Chapter 4, I will present a facile method to prevent

buckling and successively show the importance of evaporation rate for buckling.

The orientational ordering of ellipsoids on the surface as well as in the interior of

spherical supraparticles will then be examined. Lastly, in Chapter 5, I will talk

about the surface and interior ordering of ellipsoids for sphere-ellipsoid binary

supraparticles with a spherical morphology. While doing so, the influence of pa-

rameters such as ellipsoid aspect ratio, evaporation rate, and ellipsoid to sphere

volume ratio are investigated. Finally, I will give a summary of the results and a

prospect for future studies.
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My research work discussed in Chapter 3-5 have either been already published

in a scientific journal or is currently under review as follows:

• Melis Yetkin, Yashraj M.Wani, Kritika Kritika, Michael P. Howard, Michael

Kappl, Hans-Jürgen Butt, and Arash Nikoubashman. Structure formation

in supraparticles composed of spherical and elongated particles. Langmuir,

40(1):1096-1108, 2024.

• Melis Yetkin, Yashraj M. Wani, Arash Nikoubashman, Hans-Jürgen Butt,

and Michael Kappl. Tuning the morphology and structure of supraparticles

composed of ellipsoids. (currently under review)

1.2 Colloids

A dispersion is a two-phase system, which consists of grains or droplets of one

phase in a matrix of the other phase.9 Therefore, a dispersion is uniform on the

macroscopic scale, but not on the microscopic scale. Colloids refer to dispersions,

in which one phase has dimensions roughly between 1 nm to 1 µm.9;5 Colloidal

particles can be found in a broad range of materials, such as minerals, clays,

ceramics, metals, semiconductors, and polymers. They have long been used in

various industrial applications, including paints, food, cosmetics, rheological flu-

ids, and coatings.5 The term “nanoparticles” are often used in today’s literature

in analogy to colloids. The prefix “nano-” indicates a size range of 1 to 100 nm,

where untypical electronic, magnetic, or optical properties may be observed.9;10

Such properties are usually size-dependent due to electron confinement and are

observed, for instance, in quantum dots and nanocrystals.5

Colloidal systems are typically dominated by interfacial effects instead of bulk

properties. Due to the high specific surface area of colloids, their behaviour is

determined by surface properties rather than gravity.9 Colloids are therefore the

choice of material for many interface-related technologies, e.g., wetting, sensing,

filtering, as electrode materials in catalysis.5

Colloids often assemble into larger entities and show collective behavior.10;5

For instance, they can form crystals and other phases of matter observed in atomic

and molecular systems.10 For this reason, colloids have been utilized as “model
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atoms”11 or “big atoms”12 to study physics of condensed matter and materials

science.10;5 However, colloids show some interesting features, e.g., collective be-

haviour, that are not observed at the atomic scale. The attraction between the

colloidal particles can be much shorter ranged (relative to their size) compared

to that of atoms. This makes entropy and hydrodynamics determine the rate of

transitions between structures, instead of energy barriers as is the case for atomic

systems.10

Colloids can be considered as “building blocks” that tend to self-assemble into

complex structures with hierarchical order.5 Most colloids can now be synthesized

in the desired size, shape and surface chemistry in macroscopic quantities.5;6

Change in particle shape strongly alters the equilibrium phases.10 For example,

monodisperse spheres usually form hexagonal crystal packing (FCC and HCP),

whereas monodisperse cubes yield simple cubic lattice symmetries.5 Aside from

nonspherical colloids, surface-functionalized, Janus, patchy or core-shell colloids

can also be used to achieve architectural complexity [Figure 1.1].5 Controlling

the assembly process of such complex structures is essential to attain functional

materials.

Continuous phase

Colloids as the 
dispersed phase

surface-
functionalized

Janus

nonspherical

Core-shell

Patchy

...

Figure 1.1: Schematics showing a dispersion, in which colloids are the dispersed
phase and can exhibit architectural complexity, e.g., surface-functionalized, non-
spherical, Janus, patchy, or core-shell.

The forces between colloids are related to their size, shape, and chemistry

and directly determine the assembly process for a given dispersing medium.5 The

forces involved in colloidal assembly can be (i) repulsive, e.g., Coulomb interac-
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tions, dipolar interactions or steric stabilization, which prevent the spontaneous

aggregation and flocculation of a colloidal dispersion, (ii) attractive, e.g., capillary

forces, Van der Waals forces, depletion interactions or hydrodynamic coupling,

which yield distinct assembled structures, and (iii) external forces, e.g., Brow-

nian motion, gravitational forces or geometrical confinement, acting on individ-

ual colloids or colloidal clusters.5;13 The final self-assembled structure is a direct

consequence of the interplay between colloidal forces directed towards thermo-

dynamic equilibrium, which is typically associated with the system’s free energy

minimum.5;14 Nevertheless, external forces such as spherical confinement (as is

the case for colloidal dispersion droplets) may drive the directed self-assembly

of colloids into discrete structures beyond the thermodynamic free energy mini-

mum.14 In a nutshell, colloidal assembly is a complicated process, for which one

cannot easily draw a clear guideline. Therefore, studying the structural evolution

during colloidal assembly is necessary to realize functional materials with optimal

performance.

1.3 Evaporation of Colloidal Dispersion Droplets

When colloidal dispersion droplets evaporate from a solid substrate, the volume

of the droplet decreases and the packing density of the dispersed colloids in-

creases, leading to the formation of a distinctive deposit in the contact region.

The structure of this deposit depends on the wetting properties of the surface.15

If the dispersion fully wets the substrate, a film is formed, which is important

for many applications such as coating, thin colloidal films, and painting [Figure

1.2(a)].16 In this case, the evaporation process is spatially symmetric and can

be described by a single coordinate perpendicular to the substrate.17;18 If an iso-

lated dispersion droplet partially wets the substrate, the deposited colloids form

a more complex structure, since the evaporation is no longer homogeneous as in

the former case [Figure 1.2(b)].19;20 In case the apparent contact angle between

the droplet and substrate is below 90°, the drop edges become pinned to the

substrate and more evaporation occurs at the periphery than in the center.19;21;22

Due to contact line pinning, the evaporation of the droplets occurs at a constant
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contact radius rather than at a constant contact angle. The capillary flow of

liquid from the centre of the droplet to the edge continuously enriches colloids at

the periphery throughout evaporation. As a result, the colloids aggregate at the

droplet edge to form doughnut-like or ring-like structures (so-called “coffee-ring

effect”).19;23;24;25;26;27;28;29 The coffee-ring effect has been studied extensively due

to its relevance in many applications including ink-jet printing,30 chromatogra-

phy,31 functional coating,32 and biochemical analysis.33 The evaporation of dis-

persion droplets can also happen in a contact free environment, as is the case for

infamous spray-drying [Figure 1.2(c)].34;35;36 The evaporation of the free spheri-

cal droplet in this case is radially symmetric and hence can be described by one

single coordinate.

a b

c d

Figure 1.2: Schematic overview of drying dispersion geometries occurring on a
solid surface or contact free. Evaporation of a) a horizontal film, b) a droplet on
a partially wetted surface, c) a free droplet, and d) a droplet on a super-liquid-
repellent surface.
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Water and oil repellent surfaces, so-called superamphiphobic surfaces,37;38

have become available over the last two decades. Droplets on superamphiphobic

surfaces acquire a spherical morphology with contact angles larger than 150° and

roll off angles smaller than 10° [Figure 1.2(d)]. As a result, evaporation is almost

radially symmetric with a constant contact angle and the capillary flow, which

leads to contact line pinning and coffee-ring formation for droplets evaporating

on partially wetted surfaces, is suppressed. The use of superamphiphobic surfaces

facilitates studying the evaporation-induced structure formation in colloidal de-

posits.

Evaporation of dispersion droplets is a complex, non-equilibrium transport

process in confinement. Inside the spherical droplet, colloids diffuse due to Brow-

nian motion. Throughout evaporation, the interface recedes at a rate, which is

determined by the diffusion of solvent through its surrounding vapor or processing

liquid.39 For a water droplet evaporating at a constant contact angle, the volume

V 2/3 decreases linearly with time as40

V 2/3 = V
2/3
0 − αt (1.1)

where V0 is the initial volume of the droplet and α is the evaporation speed.

Colloidal droplets evaporate mostly in the same manner, but with a slightly

slower rate,15 as colloids reduce the exposed surface area through which solvent

can evaporate. The receding air-solvent interface creates an effective advection,41

which can lead to a concentration gradient by accumulating the colloidal particles

provided the drying is fast enough.

The balance between diffusion and advection is commonly characterized by a

dimensionless quantity known as the Péclet number Pe. Péclet number can be

defined as the ratio of the typical diffusion time, τd = R2
0/D0, and the evaporation

time, τev = R0/vev, at the beginning of drying. Here, R0 is the initial droplet

radius, D0 is the diffusion coefficient of the colloidal particles at infinite dilution,

and vev is the initial speed of the receding droplet interface. The expression for
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Péclet number can then be written as17

Pe =
τd
τev

=
vevR0

D0

(1.2)

When Pe ≤ 1, the evaporation is considered as slow and concentration gradients

can relax by diffusion. In contrast, when Pe ≫ 1, the evaporation is considered

fast and far from thermodynamic equilibrium. In this case, significant concentra-

tion gradients develop due to advection, which then might be arrested towards

the end of evaporation, e.g., by jamming.42 The Péclet number changes as drying

proceeds. However, the initial Péclet numbers, that were calculated throughout

this study, are useful in characterizing the drying regime of the droplets.

1.4 Supraparticles: Definition and Nomencla-

ture

Evaporation of dispersion droplets may induce the assembly of smaller colloids

into a larger and more complex entity, which can be termed supraparticles.2 Dur-

ing the formation of supraparticles, the colloids assemble through weak, nonco-

valent interactions (e.g., van der Waals, hydrogen bonding, electrostatic interac-

tions) or hard-particle (e.g., excluded volume) interactions, similar to supramolec-

ular chemistry.1;43;44 This directed self-assembly process includes multiple length-

scales, associated with the solvent molecules (0.1-1 nm), the dispersed colloids

(5-1000 nm), and the droplet (0.1-1mm). Moreover, several interfaces, i.e. be-

tween the solvent, colloids, substrate, and surrounding vapor phase, govern the

assembly process.

The term supraparticle was first used in 1971 to describe the microstruc-

tures of particle aggregates in clay domains.45 The term was not used in the

field of colloidal science until 1995, where it was first used to describe bridg-

ing of TiO2 to CdS particles through bifunctional mercaptocarboxylic acids.46 In

1996, the term supraparticle was formally defined for the first time as the assem-

bly of different types of colloid particles into ordered or multicomponent clus-

ters, by Velev group.47;48;49 Since then, the terms “superstructures”,50 “supras-
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tructures”,51 “supraballs”,52;53 “supramolecular colloidal materials”,54 “colloidal

Janus particles”,55 “colloidosomes”,56;57 or “supracolloids”58;59 have been often

used interchangeably to denote supraparticles. This non-existing common nomen-

clature in the field of particles creates difficulties in finding related literature and

a clear definition.1

In their review article, Wintzheimer et al. determined some criteria to define

supraparticles.1 Accordingly, the term supraparticle requires assembling defined

particles, which means using colloidally dispersed nano- or microparticles as the

starting material. Supraparticles should be obtained in a dispersed form as col-

loid, powder or microcomposite, which distinguish them from the self-assembled

nanoparticle arrangements that are infinitely extended in one, two, or three di-

mensions such as fibers, films, or colloidal crystals. In contrast to randomly

agglomerated nanoparticles, supraparticles should have a defined average size,

shape, or an internal structure. This thesis conforms such criteria and designates

supraparticles as the assembly of primary nano- or microparticles (or building

blocks) with a typical size from a few 10 µm to several 100 µm2 [Figure 1.3].

The toolbox for creating supraparticles is quite broad. Multiple types of col-

loidal materials with a specific size, shape and chemistry, e.g., proteins,60 semicon-

ductors,61 or magnetic colloids,62 can be hierarchically assembled to form supra-

particles with combined functionalities. Therefore, supraparticles are considered

as promising materials for many different applications including catalysis,2;63;64

drug delivery and encapsulation,65 photonics,66;67 and energy storage68;69.

1.5 Supraparticle Fabrication Methods

Supraparticles can be fabricated using physical strategies that are easier to handle

compared to the chemical strategies used for synthesizing nanoparticles. Common

strategies for obtaining supraparticles in droplets can be can be divided into two

broad categories as “wet self-assembly” (WSA) and “dry self-assembly” (DSA).70

Both categories start with a liquid of primary particles, which are later dispersed

into defined droplets. The particle concentration continuously increases, as the

liquid evaporates, to finally form the consolidated supraparticles.48
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Assembly

Nano- or micron-sized 
building blocks Supraparticles

Colloidal dispersion

Figure 1.3: Supraparticles are formed through the self-assembly of colloidally
dispersed nano- or micron-sized building blocks.

1.5.1 Wet self-assembly (WSA)

Wet self-assembly methods have been frequently used to form supraparticles

from liquid–liquid interfaces. Emulsion droplets, suspended in another liquid,

are commonly used as templates for obtaining the final solid supraparticle [Fig-

ure 1.4(a)]. Several techniques allow generating emulsion droplets of sizes rang-

ing from nanometers to millimeters.1;63 Electrospraying,71 inkjet printing,72 or

droplet shear-off techniques73 produce micro- to millimeter-sized droplets. Smaller

micrometer-sized emulsion droplets can be obtained using membrane emulsifica-

tion,74 emulsification via high shear homogenizer, or microfluidics.75 Miniemul-

sion techniques76;77 are established to generate nanometer droplets. Oil-in-water

emulsions were adopted to self-assemble hydrophobic Au nanoparticles78;79 and

CdSe quantum dots,80 whereas water-in-oil emulsions were adopted to self-assemble

hydrophilic PS and SiO2 colloids
81 into various supraparticle structures. Different

surfactants were used in such systems to stabilize the emulsion droplets. Velev

et al. formed aqueous droplets of negatively charged PS microspheres in fluori-

nated oil without using any surfactants.82 Water was removed from the suspended

droplets by keeping the system in a sealed chamber that contained a desiccat-

ing agent, which led to the formation of crystalline porous supraparticles. The

addition of surfactant further resulted with more complex supraparticles such as

toroidal, doughnut-like assemblies. Manoharan et al. used surfactant-free Pick-
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ering emulsions stabilized by charged PS particles that adsorbed at liquid-liquid

interface.83 Removing oil generated capillary interactions that forced the particles

into densely packed, symmetric clusters.

a

b

Figure 1.4: a) Schematic illustrating the binary supraparticles obtained by an
oil-in-water emulsion assembly. Reprinted with permission from ref.84 Copyright
2018 American Chemical Society. b) Schematic of a microfluidic capillary device
for preparation of multiple component double emulsions. Reprinted with permis-
sion from ref.85 Copyright 2012 The Royal Society of Chemistry.

Most emulsion techniques rely on high shear stresses when generating droplets,

which might result with polydisperse droplets, and hence, polydisperse supra-

particles. Microfluidics offer much better control over the emulsification process

and enable the formation of highly monodisperse droplets, the proper adjust-

ment of droplet size, and the design of more complex, multicompartment liquid

droplets.86;87;88;75;89 Therefore, microfluidics have become a strong method to pro-

duce monodisperse supraparticles with complex architectures. Typical microflu-

idic devices include polydimethylsiloxane-based devices with single or multiple

liquid junctions in serial arrangement to produce homogeneous emulsion droplets

or droplets with core-shell architectures.90 Glass capillary-based devices with mul-
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tiple coaxial flows are also available to fabricate multicompartment emulsions

[Figure 1.4(b)].85 Nisisako et al. synthesized monodisperse bicolored Janus parti-

cles by using a quartz glass microfluidic device.91 To form bicolored droplets, two

isobornyl acrylate streams - one dispersed with carbon black pigments (black)

and the other one dispersed with titanium dioxide pigments (white) - were forced

through a flow-focusing like geometry. These droplets were later polymerized

into solid particles by thermal polymerization. Xu et al. produced spherical,

disk or rod-shaped droplets by physically confining them in microfluidic chan-

nels that have different geometry.92 These droplets were then photochemically

and thermally solidified into particles of respective shapes. A disadvantage of mi-

crofluidics is the low throughput, which is typically limited to generating droplets

in the lower milliliter per hour range.93 The yield could be scaled up by increas-

ing the number of outlets in parallel, however, this might lead to polydisperse

droplets.

WSA approaches are suitable for large-scale production. However, they have

certain drawbacks with regards to their dependence on additional processing liq-

uids as well as limited control over the final supraparticle morphology.2;70 The

additional chemicals or processing liquids used during such processes need to be

separated from the supraparticles and disposed of afterwards, which consume en-

ergy and harm the environment. Therefore, methods that reduce the use of such

processing liquids, solvents, emulsifiers, or templates are more preferable.

1.5.2 Dry self-assembly (DSA)

In dry self-assembly methods, supraparticles are formed by evaporating droplets

from liquid-air interfaces. DSA techniques avoid the use and removal of any

processing chemical, and hence, the assembled structures can easily be collected

without further processing.70 Many studies used Leidenfrost levitation to make

supraparticles in a contact free environment [Figure 1.5(a)].94;95;96 As described

by Leidenfrost in 1756, a water droplet on a very hot plate will be levitated above

the surface instead of wetting it.97 Provided that the plate is hot enough (typically

above 150°C), the dispersion droplets do not boil, but levitate on their own vapor

layer as long as there is enough solvent to feed them. As the solvent evaporates,
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the volume decreases and the particles consolidate into supraparticles.

a

b

Figure 1.5: a) Schematic illustrating the supraparticle fabrication by Leidenfrost
phenomenon. Reprinted with permission from ref.96 Copyright 2022 American
Chemical Society. b) Schematic showing laboratory scale spray-drying setup.
Reprinted with permission from ref.98 Copyright 2019 Elsevier.

Another DSA method which involves evaporating freely suspended droplets

is spray-drying. Spray-drying is widely used in industry to create powders (e.g.,
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instant coffee, milk powder) from solutions or suspensions. In a typical spray-

drying process, an atomizer is used to convert the colloidal dispersion into small

droplets, which are then carried into a hot zone by air, steam, or gas flow [Fig-

ure 1.5(b)].99 Inside the hot zone (typically heated to 100°-200°C), the concen-

tration of the particles in the droplet increases as the solvent evaporates, and

the particles self-assemble due to attractive forces and possibly due to compres-

sion by capillary force, leading to the formation of supraparticles. The obtained

supraparticles are collected with the help of a cyclone, a filter bag, or an elec-

tric field precipitator. Depending on the process parameters such as solid con-

centration, solvent type, evaporation rate, or spray geometry supraparticles of

various structures can be fabricated.1 The method is effective in producing mul-

ticomponent supraparticles with distinct physical characteristics. Examples in-

clude antimicrobially active raspberry-like supraparticles for antimicrobial activ-

ity,100 hydrophobic-hydrophilic core-shell supraparticles for water filtration,101 or

shear stress indicator supraparticles with light emitting core and light absorbing

shell.102

Both Leidenfrost levitation and spray-drying are are typically performed at

high temperatures, where evaporation takes only a few seconds. The fast evap-

oration conditions complicate the control of the final supraparticle shape and

the distribution of the colloidal particles inside the supraparticle.96 Therefore,

studying structure formation with these techniques in real time is quite difficult.

A significant DSA technique for obtaining supraparticles is to evaporate dis-

persion droplets dispensed on super-liquid-repellent surfaces, e.g., superhydropho-

bic or superamphiphobic surfaces. In contrast to Leidenfrost levitation and spray-

drying, evaporation process on such surfaces can be carried out slowly under well-

defined conditions, which allows to study the structure formation in detail. In

the following Subchapter 1.6, important features of superhydrophobic and super-

amphiphobic surfaces and the formation of supraparticles on such surfaces will

be addressed.
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1.6 Supraparticle Fabrication on Super-Liquid-

Repellent Surfaces

1.6.1 Characteristics of super-liquid-repellent surfaces

As already mentioned in Subchapter 1.3, the structure of the deposit on a solid

surface is determined by its wetting properties. The wettability of a surface

is typically characterized by two parameters–contact angle and contact angle

hysteresis. The contact angle (CA) θ of a liquid on a solid surface [Figure 1.6(a)]

depends on the interfacial tensions between the different phases and is determined

by Young’s equation as follows103

cosθ =
γSV − γSL

γLV
(1.3)

Here γ refers to the interfacial tension and S, L and V correspond to the solid,

liquid and vapor phases, respectively. If the CA of a water droplet θ = 0°, the

liquid spreads on the surface completely and the surface is classified as superhy-

drophilic. The surface is considered as hydrophilic when θ<90° and hydrophobic

when θ>90°.104
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Figure 1.6: a) Schematic illustration of contact angle (θ) of a liquid droplet on
a solid surface. b) Schematic illustration of a moving liquid droplet on a tilted
surface with advancing (θadv) and receding (θrec) contact angles.

Most real surfaces are non-ideal, i.e., they are usually rough and heteroge-

neous. Therefore, surfaces are prone to showing contact angle hysteresis (CAH)

[Figure 1.6(b)].104 CAH is associated to the energy barriers that a liquid droplet

must overcome during its movement along a solid surface, and thus measures the

resistance to the droplet movement.105 CAH is given by the difference between

the advancing (θadv) and receding (θrec) contact angles on a surface. Lower solid-

liquid interfacial area means lower resistance to droplet movement, and eventually

lower CAH.

When a liquid droplet contacts a rough, textured surface, it can adapt two

different configurations to minimize its overall free energy– the Wenzel state106 or

the Cassie-Baxter state107. In the Wenzel state, the droplet completely wets the

surface within the apparent contact area by permeating into all the protrusions

[Figure 1.7(a)]. In this state, the apparent contact angles can be determined

using the Wenzel equation as106

cosθapp = Rroughcosθ (1.4)
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Here Rrough is the roughness parameter, which is defined as the ratio between the

actual and the projected surface area. Since Rrough is always larger or equal to

unity (≥ 1), roughness strengthens both the wetting and non-wetting behavior of

surfaces in the case of Wenzel state. In other words, for θ<90° surface roughness

decreases θapp, while for θ>90°, θapp increases. As a result, low surface tension

liquids, such as oils and alcohols, show very low contact angles in the Wenzel

state.108

In the Cassie-Baxter state, however, the droplet does not fully wet the surface

within the apparent contact area [Figure 1.7(b)]. Instead, air pockets remain

trapped between the droplet and surface protrusions.109;104 θapp in this state can

be found by the following relation107

cosθapp = fSLcosθ + fLV cosπ (1.5)

Here fSL and fLV represent the area fraction of the solid-liquid interface and

the liquid-air interface, respectively. Cassie-Baxter state can lead to θapp ≫ 90°

for θ>90° as well as θ<90°, when the solid-liquid area fraction is sufficiently low

and the liquid-air area fraction is sufficiently high.108 Compared to the Wen-

zel state, the Cassie-Baxter state leads to very high CA even for low surface

tension liquids. Additionally, the Cassie-Baxter state results in a lower CAH

than the Wenzel state due to the lower solid-liquid area fraction. Therefore, the

Cassie-Baxter state is favored when designing super-liquid-repellent surfaces, e.g.,

superhydrophobic and superamphiphobic surfaces.

If water droplets on a surface show CA>150° and CAH<5°, then it is con-

sidered a superhydrophobic surface.108 A well-known example from nature is the

“lotus-effect”110 which is observed with various plant leaves [Figure 1.8(a-b)]. The

water droplets placed on these leaves are in contact with hydrophobic spikes and

can roll off easily, cleaning the surface from dirt particles. Such natural superhy-

drophobic surfaces inspired scientists to fabricate artificial surfaces mimicking the

chemical hydrophobicity and the surface texture on the micro- or nano-scale. The

appropriate surface chemistry is usually ensured by the choice of low surface en-

ergy materials, e.g., fluorinated and perfluorinated materials, as they display high

contact angles.108 The micro- and nano-scale surface roughness can be provided
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a b

Figure 1.7: Schematic of a liquid droplet in a) the Wenzel state and b) the
Cassie–Baxter state, on a textured solid surface. Reprinted with permission from
ref.105 Copyright 2013 Materials Research Society.

by several methods such as lithography, etching, nanoimprinting, and deposi-

tion (e.g., spin coating, spray coating, electrochemical deposition and chemical

vapor deposition).111 For instance, Shieh at al.112 fabricated a superhydropho-

bic silicone surface, which provided surface roughness through nanopillars and

nanograss features. E-beam lithography and dry etching were used to produce

nanopillars, followed by hydrogen plasma etching to form the nanograss on the

surface. The surface was later hydrophobized by CHF3 plasma. Gu et al.113

electrochemically deposited a highly porous coral-like silver film on commercial

copper alloy substrates. They further functionalized the surface with an aliphatic

thiol to achieve CA>150° and CAH<2°.

If liquid droplets with low surface tension, such as oils, alcohols or other

organic solvents, on a surface show CA>150° and CAH<5°, the surface is con-

sidered superoleophobic.108 There are almost no superoleophobic surfaces found

in nature.108 A rare natural oleophobic surface is found on the skin of spring-

tails [Figure 1.8(c)].114 Springtail skin shows a hierarchical structure, where sec-
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ondary granules are superimposed on primary granules. Primary granules exhibit

a rhombic or hexagonal comb pattern combined with bristles and feathered hairs.

Meanwhile, the secondary granules display re-entrant texture, which makes the

skin oleophobic.

a

b

c

Figure 1.8: The super-liquid-repellent surfaces in nature. a) A water droplet
(blue) assuming high contact angle on a lotus leaf. b) SEM image of a lotus leaf
showing its rough, hierarchical texture. (a,b) Reprinted with permission from
ref.108 Copyright 2014 Nature Publishing Group. c) A photo and SEM images
of the skin of springtails, showing hierarchical structure with re-entrant texture.
Reprinted with permission from ref.114. Copyright 2011 PLOS One.

Most surfaces that can repel lower surface tension liquids (for example, 32 mN

m−1 for olive oil, 27.5 mN m−1 for hexadecane and 23.8 mN m−1 for decane)115

can typically also repel higher surface tension liquids, such as water (72.8 mN

m−1). Such surfaces that display both superhydrophobicity and superoleophobic-

ity are called superamphiphobic or superomniphobic.108 Surface chemistry and

roughness alone are not sufficient to make superamphiphobic surfaces. Re-entrant
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texture in the form of “overhangs”, as already observed on the surfaces of lotus

leaf and springtail skin, play a significant role in the design of superamphiphobic

surfaces.109;116 This is because low surface tension liquids (θ<90°) cannot display

a stable Cassie-Baxter state unless the surface possesses overhang structures, pro-

viding a convex curvature.109;116;108 Most liquid-repellent surfaces in nature show

more than one length scale of texture, which typically comprise of a finer length

scale texture overlaying a coarser one [Figure 1.9].117;108 As a result, air is en-

trapped at multiple length scales instead of a single length scale texture. Such a

hierarchically structured surface ensures low solid-liquid contact area, and hence,

a significantly low CAH.117;108 Consequently, hierarchically structured surfaces

with overhang structures enable the Cassie-Baxter state for low surface tension

liquids and are optimal for making superamphiphobic surfaces.

a b c

Figure 1.9: Schematics depicting a liquid droplet in the Cassie–Baxter state a)
on a coarser textured surface, b) a finer textured surface, and c) a hierarchically
textured surface. Reprinted with permission from ref.105 Copyright 2013 Materi-
als Research Society.

With an understanding of critical design parameters, superamphiphobic sur-

faces have been engineered using various materials ranging from metals to poly-

mers and surface coatings ranging from perfluoralkyl silanes to perfluoroalkyl

polyhedral oligomeric silsesquioxanes.105 Fujii et al.118 developed a hierarchical

dual pillar surface by first depositing discrete pillars of aluminum-niobium (Al-

Nb) alloy on a scalloped aluminum substrate via oblique angle magnetron sput-

tering, followed by anodizing the deposited pillars to form a nanoporous oxide

layer. This hierarchically textured surface was later coated with a fluoroalkyl

phosphate layer to achieve superamphiphobicity. Golovin et al.119 fabricated

a hierarchically textured and transparent superamphiphobic surface by spray

coating poly(dimethylsiloxane) (PDMS)—fluorodecyl POSS microparticles onto
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transparent PDMS pillars, which were built using the standard imprint lithog-

raphy. Deng et al.120 produced a candle soot morphology covered with a silica

shell using chemical vapor deposition of tetraethoxysilane, catalyzed by ammo-

nia. After calcination at high temperatures and subsequent functionalization

with a fluorinated silane, the surfaces were transparent and superamphiphobic

for different liquids, including peanut oil, olive oil, hexadecane and tetradecane.

a

b c

Figure 1.10: a) Schematic showing the growth of silicone nanofilaments onto glass
slides upon hydrolysis and condensation of TCMS and subsequent modification
with PFDTS. Images of nanofilaments-coated glass slides b) with droplets of
various nonpolar liquids and c) with a jet of toluene bouncing off. Reprinted
with permission from ref.115 Copyright 2011 WILEY-VCH Verlag GmbH & Co.

The silicone nanofilaments superamphiphobic surfaces used in this thesis were

developed by Zhang and Seeger [Figure 1.10(a)].115 The silicone nanofilaments

were grown onto glass slides upon hydrolysis and condensation of trichloromethyl-

silane (TCMS) in toluene. The random growth of nanofilaments created a rough

topography on the surface. The nanofilaments carried methyl groups on their

surface, which decreased the surface tension. At this stage the surfaces were
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superhydrophobic, but superoleophilic. The nanofilaments were further acti-

vated with oxygen plasma to convert the hydrophobic methyl groups into hy-

drophilic hydroxy groups while keeping the silicone skeleton intact. After the oxy-

gen plasma treatment, the surfaces became superhydrophilic and superoleophilic.

These surfaces were modified by immersing them in dry toluene, which contained

1H,1H,2H,2H-perfluorodecyltrichlorosilane (PFDTS). The PFDTS molecules an-

chored onto the hydroxy groups so that the nanofilament surface became super-

oleophobic. These surfaces showed high CA and ultra-low sliding angles (SA) for

a variety of nonpolar liquids (of 5 µL volume), such as mineral oil (γ=32 mN m−1,

CA=172.2°, SA=1.2°), toluene (γ=28.4 mN m−1, CA=168.4°, SA=2.5°), hexade-

cane (γ=27.5 mN m−1, CA=174.4°, SA=2.0°), and decane (γ=23.8 mN m−1,

CA=162.5°, SA=5.3°) [Figure 1.10(b-c)]. The water concentration in toluene

during TCMS coating was reported to highly influence the CA and the SA of

hexadecane. For this reason, when growing nanofilaments I used toluene that

contained around 166 ppm water, as this value provided good wetting proper-

ties.115

Super-liquid-repellent surfaces are suitable candidates for many applications,

such as self-cleaning, antifouling, corrosion resistance, and chemical shielding.105;121;122

In recent years, such surfaces have also been utilized as templates for the evaporation-

induced assembly of colloids. The following Subsection 1.6.2 will provide exam-

ples where superhydrophobic and superamphiphobic surfaces are used to fabricate

supraparticles.

1.6.2 A DSA method: Supraparticle formation on super-

liquid-repellent surfaces

As I already discussed so far, supraparticles can be produced using physical meth-

ods such as emulsion evaporation, Leidenfrost levitation and spray-drying. An-

other interesting method is to evaporate colloidal dispersion droplets on super-

liquid-repellent surfaces, which brings certain advantages. Utilizing these surfaces

removes the need of using and removing a second phase, e.g., an oil phase. This

makes the method environment-friendly, as it reduces organic pollution and saves

materials and energy.2;70 Due to the low solid-liquid interfacial area and low ad-
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hesion, the supraparticles can be easily collected from the substrates.70 Most im-

portantly, the method allows altering the evaporation conditions and the choice

of colloidal dispersions. As a result, it becomes convenient to design complex

supraparticles and to study their structure formation during evaporation [Figure

1.11].

Figure 1.11: Schematic illustrating supraparticle formation on superamphiphobic
surface. The evaporation of dispersion droplets is almost radially symmetric
and might lead to supraparticles of various structures, e.g., hollow, core-shell,
crystalline, porous.

Evaporation of aqueous droplets on superhydrophobic surfaces is almost sym-

metric, as θapp>150° with a small solid-liquid contact area, leading to spherical

droplet shape.2 Deviation from this spherical shape can occur due to gravity,

which can be characterized by a dimensionless Bond number Bo as123

Bo =
∆ρgr2

γ
(1.6)

Herein, ∆ρ is the difference in the densities of the droplet and its surroundings,

g= 9.81 m/s2 is the acceleration of gravity and r is the characteristic dimension.

When the diameter of the droplet approaches the capillary length, κ = (γ/gρ)1/2,

the sphericity of the droplet starts distorting.2 For water κ = 2.7 mm, there-

fore, for droplets much smaller than this value, the effect of gravity on shape

will be negligible. Rastogi et al.123 fabricated doughnut-shape supraparticles by

evaporating aqueous silica suspension droplets on superhydrophobic substrates.

Initially, the droplets assumed a near-spherical shape showing high contact an-
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gles on the surface. As the evaporation proceeded, the droplets showed shape

transitions depending on the initial particle volume fraction and microsphere di-

ameter. The pinning that facilitated the shape transitions was a result of the

internal formation of a dense particle structure at the bottom of the droplets.

They further fabricated spherical patchy magnetic supraparticles by evaporat-

ing mixtures of latex and magnetic particles, while applying magnetic fields to

certain regions. Seyfert et al.124 obtained a variety of supraparticles by evaporat-

ing aqueous droplets on a superhydrophobic surface patterned with fractal-like

microstructures, which dramatically reduced the solid-liquid contact area. De-

pending on the initial particle concentration, pancake-shape clusters engulfing

the fractal-like micropillars, buckled clusters, or unbuckled 3D spheroids with

smooth surfaces were formed. Zhou et al.125 tuned the shape of photonic crys-

tal supraparticles from microbeads to microwells to microellipsoids by changing

the three-phase contact line behaviour of colloidal droplets on superhydrophobic

surfaces during evaporation. The dynamic behaviour of the contact line, i.e., con-

tinuous pinning or anisometric pinning, was modified by using colloidal droplets

of ethanol-water mixture, which altered the surface tension. The anisometric

pinning of the three-phase contact line led to anisometric photonic crystals.

Superhydrophobic surfaces restrict the use of nonpolar liquids when creating

supraparticles, since nonpolar liquids cannot remain in the Cassie-Baxter state

and impale into the superhydrophobic surface.2 Superamphiphobic surfaces over-

come this limitation, as they are also repellent to nonpolar liquids, surfactant, or

protein solutions. Droplets on such surfaces acquire θapp>150°, SA<10°, while the

interfacial area between the liquid and solid is extremely small (≪V 2/3, where V

is the droplet volume).37;105;116 Additionally, superamphiphobic surfaces usually

have a highly porous structure, which allows the liquid to evaporate also through

the substrate, leading to almost radially symmetric evaporation [Figure 1.12].2

The method suppresses contact line pinning and hence the coffee-ring effect, as

well as temperature-induced Marangoni flow inside the droplet.127 Many studies

illustrated that supraparticles of various sizes, compositions, and architectures

can be produced by evaporating droplets on superamphiphobic surfaces. Wooh

et al.126 fabricated multicomponent spherical mesoporous supraparticles of vari-
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Figure 1.12: a) Images from an evaporation experiment of a colloidal dispersion
droplet on a superamphiphobic surface. Reprinted with permission from ref.2

Copyright 2019 American Chemical Society. b) Schematic showing the evapo-
ration of the colloidal dispersion droplet on the superamphiphobic surface with
moving contact line, eventually forming the supraparticle. c) Confocal microscopy
images showing the evaporation of an aqueous dispersion droplet on a superam-
phiphobic surface. The scale bar is 20 µm. Reprinted with permission from ref.126

Copyright 2015 WILEY-VCH Verlag GmbH & Co.

ous metal oxides such as TiO2/SnO2 and TiO2/ZnO by using superamphiphobic

surfaces. They further formulated SnO2/TiO2 core-shell supraparticles by se-

quentially drying nanoparticle dispersions of SnO2 and TiO2. Mano et al.128 syn-

thesized spherical PLGA particles for drug encapsulation by evaporating drops of

PLGA/ciprofloxacin suspensions in dioxane on a superamphiphobic surface show-

ing that the surface is suitable for solvents of any polarity. Tan et al.127 studied

the evaporation of an ouzo droplet (a transparent mixture of water, ethanol, and

trans-anethole) on a superamphiphobic surface. As the ethanol evaporated, oil

microdroplets formed at the top of the droplet and at later stages of evaporation

an oil shell formed around the droplet. They later showed the formation of var-

ious multicomponent porous supraparticles (TiO2/SiO2/Fe3O4) by evaporating
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colloidal ouzo droplets.129

1.7 Structure Formation in Supraparticles

Fabricating supraparticles require assembling colloidal objects at mesoscale. Con-

trolling the size, shape, and structure formation during the assembly process is

essential in governing the material properties of supraparticles, such as photonic

band gap, porosity, and mechanical strength.130 Therefore, various fields of sci-

ence and technology, ranging from soft matter physics to powder technology and

pharmaceutical and food sciences, have aimed to gain control over the structure

formation in such complex entities.1 Key to controlling the supraparticle struc-

ture is through the choice of the building blocks and through engineering the

kinetics of the assembly process.1;5

The choice of colloidal building blocks ranges from nanometer-sized quantum

dots80 or metal organic frameworks131 to micrometer-sized polystyrene (PS) par-

ticles15, with different shapes and chemistries. Hence, the interactions between

the building blocks are equally broad and play a significant role in determining

the characteristics of supraparticles. Sekido et al.130 created supraparticles on su-

peramphiphobic surfaces from aqueous dispersions of PS microparticles carrying

a pH-responsive group. Particle assembly of supraparticles, e.g., either ordered

or disordered particle assembly, was controlled by tuning the pH of the disper-

sion. When the dispersion droplets were dried at pH=3, spherical supraparticles

with densely packed ordered structures were obtained, because at this pH the

colloids were well-dispersed due to the positively charged responsive group lead-

ing to electrosteric repulsion. On the other hand, at pH=10 the colloids became

hydrophobic by deprotonation and formed aggregates due to the increased hy-

drophobic attraction between particles. Consequently, at pH=10 more oblate

supraparticles with disordered structures were formed. Binary mixtures of apolar

gold nanoparticles were self-assembled into Janus or core-shell supraparticles de-

pending on the surfactant used to stabilize the evaporating oil droplets.79 The sur-

factant that provided higher repulsive interparticle potentials formed core-shell,

whereas the one that provided a lower repulsive interparticle potential formed
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Janus supraparticles as it provided earlier agglomeration. A pronounced varia-

tion of supraparticle shape was shown by evaporating aqueous droplets of fumed

silica containing different concentrations of electrolyte from a superhydrophobic

substrate.132 As the ionic strength increased, the electrostatic repulsion between

the silica particles decreased and hence there was a higher tendency for agglom-

eration, which led to a thicker shell formation at the evaporation front. This

stiff silica shell could not shrink isotropically and folded into an elongated aniso-

metric final shape beyond a threshold salt concentration. Similarly, Liu et al.4

altered the electrostatic repulsion and van der Waals attraction forces between

the colloids, which in turn, determined the final shape and the interior structure

of the supraparticles. Below 100 µM NaCl in the initial colloidal droplet, the

final supraparticles were spherical and highly crystalline, whereas, for increasing

salt concentrations of up to 10 mM the supraparticles became more nonspherical

and less crystalline [Figure 1.13].

Figure 1.13: SEM images showing the final supraparticle shape, the surface and
the interior. The first row corresponds to the supraparticles prepared with 10 µM
NaCl in the initial colloidal droplet, whereas the second row shows those with 10
mM NaCl. Reprinted with permission from ref.4 Copyright 2021 Elsevier.

Since supraparticles are usually formed by drying-induced assembly, the bal-

ance between the Brownian diffusion of colloids and the effective advection of

the drying interface highly influences the assembly process and the final supra-

particle structure.41 In other words, changing the evaporation conditions such
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as temperature and humidity directly affect the final supraparticle. Slow evap-

oration provides time for the individual building blocks to minimize their free

energy and promotes the formation of highly ordered and regular structures.1

In case of fast evaporation, however, the structure formation is kinetically con-

trolled and usually results in less defined supraparticles.1 Liu et al.15 obtained

core-shell supraparticles by evaporating binary colloidal dispersions, i.e., the mix-

ture of small and large colloids, at a faster rate (Pe=180 and 770, for small and

large colloids, respectively) on superamphiphobic surfaces [Figure 1.14(b)]. Since

the evaporation induced stronger inward forces on the larger colloids, the supra-

particle core was mostly occupied by the amorphously packed larger colloids.

Meanwhile, the smaller colloids were closely-packed into a crystalline structure

forming the supraparticle shell. By increasing the humidity, evaporation con-

ducted at a slower evaporation rate (Pe=27 and 110, for small and large colloids,

respectively) which impeded the segregation and formed a disordered structure

of small and large colloids [Figure 1.14(a)]. Raju et al.133 also observed segrega-

tion of a few layers of smaller particles on the supraparticle surface from larger

particles, which were pushed radially inside, after evaporating acoustically levi-

tated droplets. When an external heat supply was used to heat the droplet, the

faster evaporation rate led to a steeper density gradient enhancing the segrega-

tion behaviour. In another study, lowering the temperature at which the droplets

levitated due to Leidenfrost effect prevented buckling on top of the droplet and

led to spherical supraparticles.96

The prior research work clearly demonstrates that by tuning the properties of

building blocks as well as the process conditions, one modifies the supraparticle

structure. Studying the structure formation in supraparticles enables understand-

ing the structure-property relationship of such mesoscale materials. Thereby,

these materials can be utilized in different applications, as will be briefly de-

scribed in Subchapter 1.8.
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Figure 1.14: a) SEM images showing supraparticle surfaces (left) and cross-
sections (right) prepared at slower evaporation rate (with Pe=27 and 110, for
small and large colloids, respectively) and b) SEM images showing supraparticle
surfaces (left) and cross-sections (right) prepared at faster evaporation rate (with
Pe=180 and 770, for small and large colloids, respectively). Reprinted with per-
mission from ref.15 Copyright 2019 American Chemical Society.

1.8 Functionality and Potential Applications of

Supraparticles

One of the reasons why supraparticles are a promising materials platform is re-

lated to their improved functionalities compared to their nano- or micron-sized

constituents. Supraparticles may carry the functionalities of their building blocks,

e.g., high specific surface area, catalytic activity, intrinsic material property.2 In

addition to this, they may exhibit emergent properties arising from the interac-

tions between different types of building blocks.2;1 Consequently, supraparticles

are potential candidates for many applications in different fields.

For instance, structural coloration may be an emergent optical property of

supraparticles.1 The optical properties usually stem from the controlled arrange-

ment of monodisperse colloidal particles within the supraparticle.1 Rastogi et

al.70 made highly light-diffracting opal balls by using mixtures of variably-sized
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PS nano-/micro-particles and gold nanoparticles [Figure 1.15(a)]. Changing the

size of the PS particles changed the interparticle spacing on the supraparticle

surface, which affected both the size and the color of the diffraction rings. The

structural color of supraparticles made from silica and melanin was also manip-

ulated through the degree of nanoparticle mixing.134 The various optical effects

that can be engineered with supraparticles promote their use in photonics.

Porosity is another emergent property that arises from the interstitial spaces

inside the supraparticle.1 The co-assembly of polymeric and inorganic particles

into supraparticles is one way to enable the control of porosity. Liu et al.2 pre-

pared highly porous titania supraparticles from co-dispersed droplets of titania

and PS nanoparticles, by the subsequent calcination of the sacrificial polymer

particles [Figure 1.15(b)]. The resultant supraparticles with 92% porosity were

showing enhanced photocatalytic activity.

Magnetic nanoparticles can be clustered into supraparticles to realize magnetic

steering with realistic field gradients.1 Hu et al.135 prepared superparamagnetic

supraparticles by evaporating ferrofluid droplets from superamphiphobic surfaces

in the presence of a magnetic field. The final 3D architecture of the magneto-

responsive supraparticles (e.g., deflated ball, cone, barrel, two-tower shapes) were

tuned by varying the initial concentration of superparamagnetic nanoparticles

and the applied magnetic field. Such superparamagnetic objects can be utilized

in numerous applications such as microactuators, magnetic separation and drug

delivery.1;135

The electrons in nanoparticles may interact strongly with each other once

they are in close proximity. If separate electronic systems are connected within a

distinct entity like supraparticles, they would generate functionality.1 For exam-

ple, surface plasmon resonance stems from the coherent excitation of electrons in

metal particles, which results in coloration of many noble metal nanocrystals.1

Supraparticles were suggested to increase the sensitivity of surface-enhanced Ra-

man spectroscopy, as the electromagnetic field between plasmonic nanoparticles

enhanced in close proximity.136
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a

b

Figure 1.15: a) The timeline formation of mixtures of polystyrene and gold opal
balls on a superhydrophobic substrate. Reprinted with permission from ref.70

Copyright 2008 John Wiley and Sons. b) SEM images showing the surface (left)
and interior (right) of highly porous titania supraparticles obtained after calcinat-
ing the sacrificial PS particles. Reprinted with permission from ref.2 Copyright
2019 American Chemical Society.

1.9 Knowledge Gap and Proposed Solutions

Conventionally, spherical colloids have been the choice of building blocks to make

supraparticles of various structures and compositions, as many examples I have

provided in Subchapters 1.5-1.8 already suggested. The shape of the colloidal

particles, however, is already a powerful tool for controlling supraparticle struc-

ture that remains largely unexplored.6;137 New chemical and physical approaches

allowed the synthesis of anisotropic colloids including cubes, triangles, prisms,

rods, ellipsoids and stars.6 Among them ellipsoidal colloids have caught many

attention by stabilizing interfaces in emulsions and by suppressing the coffee-ring

effect in drying suspensions.7 All these shape anisotropic colloids are potential

building blocks that can be incorporated into hierarchical superstructure assem-

blies for different applications.6 Nevertheless, assembling nonspherical colloids

into supraparticles is quite complex because of their additional orientational de-
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grees of freedom and possible interaction anisotropy.6;137;138

Nonspherical colloids can cause interface deformations due to their shape

anisotropy.7;139;8 For instance, ellipsoids at an air-water interface might lead to

quadrupolar type deformation by pushing down the interface at the tips and

pulling up at the sides.139 The interface deformation locally creates excess inter-

face area.139;8 Minimization of this excess interface area induces capillary inter-

actions between colloids.139;8Due to the capillary interactions, colloids assemble

by rotating into preferred orientations to minimize the total interfacial energy.8

For ellipsoids, the interface deformation and associated capillary interactions are

strongly related to both particle aspect ratio and contact angle.140 In case of

curved interfaces, the degree of confinement also modifies the interactions between

the nonspherical colloids, and hence changes the self-assembled structure.139;8

a b

Figure 1.16: SEM images of supraparticles composed of silica nanorods showing
a) smectic ordering and b) disorder on the surface. The scale bars correspond to
10 µm. Reprinted with permission from ref.141 Copyright 2021 The Royal Society
of Chemistry.

Confinement of nonspherical (anisotropic) colloids may promote orientational

ordering and show rich phase behavior that would determine the functional mate-

rial properties.142;143;144 The following few examples from the literature have illus-

trated these possibilities. Jacucci et al.141 used silica nanorods to form spherical

supraparticles via emulsion evaporation and obtained a core-shell morphology,

with a disordered core and an ordered shell. By adding salt into the dispersion,
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the surface ordering of the nanorods was tuned from smectic to isotropic [Figure

1.16]. This, in turn, resulted in a decrease of reflectance. It was further noted

that the light scattering efficiency could be increased by increasing the range of

nanorod ordering. Van der Hoeven et al.145 fabricated silica coated gold nanorod

supraparticles. Compared to their sphere counterparts, gold nanorods exhibited

superior and highly tunable plasmonic properties due to their longitudinal sur-

face plasmon resonance in the visible and near-infrared spectrum. Therefore, the

nanorods enhanced the Raman scattering of analyte molecules. Wang et al.146

showed the rich phase behavior of supraparticles composed of lanthanide fluo-

ride nanoplatelets by having control over both their positional and orientational

order. Assembling into different structures enabled tailoring the optoelectronic

properties of supraparticles.

Apart from determining ordering and phase behavior, shape is a crucial pa-

rameter in controlling the maximum packing.140 Instead of using spheres, cu-

bic hematite nanocrystals were used to create supraparticles with a more open,

porous structure, which can then be useful for gas sensing and photocatalysis.147

The shape of colloids, i.e., the aspect ratio of anisotropic particles, therefore, plays

an important role in controlling the mechanical properties of the final supraparti-

cle.140

Moreover, confinement of binary mixtures, e.g., sphere-ellipsoid mixtures, in-

creases the complexity of self-assembled structures and hence, the ability to vary

the final properties.148 Binary mixtures might lead to stratification of the con-

stituents due to their differences in shape and/or size, altering the distribution

and ordering of the components throughout the supraparticle.148;149 This can po-

tentially lead to multicomponent supraparticles, e.g. core-shell, or Janus.149;150

The prior research already indicated that different orientation and packing

structures could be achieved by assembling nonspherical colloids under spheri-

cal confinement. However, the assembly pathway will be determined by several

parameters such as the aspect ratio, surface properties, concentration, particle

mixture composition, the degree of confinement, and the solvent evaporation

rate.14;149 Therefore, we need to understand these aspects better through system-

atic experiments and develop design rules to produce versatile supraparticles.
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On this line of thought, I aimed to study the structure formation in supra-

particles by investigating the ordering of ellipsoidal building blocks, the influence

of mixing ellipsoids with spherical colloids, and the influence of the evaporation

rate. In the experiments, I used polystyrene (PS) colloids to distinguish the effect

of particle geometry from the effect of the materials properties.151 Ellipsoidal PS

building blocks were prepared at different aspect ratios starting from monodis-

perse PS spheres by a well-established film-stretching method,152 which resulted

in a good yield of monodisperse colloids. Since the density of an aqueous PS

dispersion is close to that of water, and the as-prepared ellipsoids have similar

interaction potentials and surface chemistry, I was able to study the physics of

supraparticle formation.151 Supraparticles were fabricated by evaporating disper-

sion droplets of aqueous PS dispersions, comprising of ellipsoids or sphere-ellipsoid

mixtures, on silicone nanofilaments-based superamphiphobic surfaces, the advan-

tages of which were discussed in Subchapter 1.6. The evaporation experiments

were conducted inside a chamber with controlled humidity (in the following called

humidity chamber) to examine the role of evaporation kinetics on the final supra-

particle structure. The evaporation was recorded by a camera in order to track the

morphology of the droplet during evaporation and perform image analysis, e.g., to

calculate the change in volume and Péclet number. For some experiments, laser

scanning confocal microscopy was also used to image the inner structure of the

droplet during evaporation. The final supraparticle morphology was imaged by

scanning electron microscopy and the images were later analyzed to calculate the

orientational order parameter on the supraparticle surface. Particle-based sim-

ulations were also performed by our collaborators and

to correlate the evaporation experiments and the ordering and/or

the distribution of the colloids within the supraparticle at different evaporation

kinetics.
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Experimental Methods

2.1 Materials

The required chemicals to prepare the superamphiphobic coatings, including

methyl trichlorosilane (TCMS, 99%) and hexadecane (Reagent Plus, 99%) were

purchased from Sigma Aldrich. 1H,1H,2H,2H-Perfluorodecyltrichlorosilane (PFDTS,

96%) was purchased from Alfa Aesar. N-Hexane (≥95%), toluene (≥99.8%), ace-

tone (≥99.8%), and isopropyl alcohol (IPA, ≥99.8%) were purchased from Fisher

Chemical. Ethanol (≥99.8%) was provided by Honeywell Research Chemicals.

Ultrapure water with a resistivity of 18.2 MΩ·cm was obtained using a Sarto-

rius Arium 611 VF water purification system. Glass slides 25 × 75 mm2 in size

were provided by Menzel-Gläser, Germany. Polystyrene (PS) colloids (negatively

charged ≈ -59 mV, with -COOH groups on the surface) with a diameter of either

408 or 450 nm were synthesized by Gabriele Schaefer following the surfactant-

free emulsion polymerization method.153 The synthesized colloids were purified

by several centrifugation cycles and were finally redispersed in ultrapure water.

Polyvinyl alcohol (PVA, molecular weight 115000, degree of hydrolysis 86.5 –

89%) to form the matrix film was purchased from VWR Chemicals. Anionic sur-

factant sodium dodecyl sulphate (SDS, molecular weight 288.4) was purchased

from MP Biomedicals. The aqueous suspension of fluorescently labeled spherical

PS nanoparticles (carboxylate-modified, fluorescent red, diameter 500 nm) was

provided by Sigma Aldrich to be used in confocal measurements.

35
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2.2 Preparation of Superamphiphobic Surfaces

The silicone nanofilaments-based superamphiphobic surfaces were prepared by a

grow-from method, as described previously.115;154;151 Glass slides were first cleaned

under ultrasonication in toluene, acetone, and ethanol and dried by a nitrogen

flow. Glass slides were then activated by oxygen plasma at 30 W for 2 min (Di-

ener Electronic Femto). To grow silicone nanofilaments from their surfaces, the

activated glass slides were immersed in a mixture of 360 mL of toluene (with

166 ppm water content) and 250 µL of TCMS inside a sealed Teflon box. Af-

ter 14 h of reaction, the silicone nanofilament-grafted glass slides were rinsed

with hexane to remove any unreacted TCMS. The glass slides were annealed in

a furnace at 200°C for 2 h to obtain a more stable silicone network. To achieve

oleophobicity the nanofilaments were fluorinated by first reactivating the glass

slides with oxygen plasma at 120 W for 2 min and by consecutively immers-

ing them in 120 mL of hexane with 0.1 mL of PFDTS for 30 min. After the

reaction, the substrates were rinsed with hexane to remove any unreacted fluo-

rosilanes. The resultant nanofilament-coated glass substrates were homogeneous

over a large area with micropores and overhang nanofilament structures ensuring

its nonwettability [Figure 2.1]. Water and hexadecane acquired spherical droplets

when dispensed on the resultant nanofilament-coated glass substrates.
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a b

c

Figure 2.1: a) zoom-in and b) zoom-out SEM images showing the surface mor-
phology of silicone nanofilament-coated glass substrates, c) picture of the 25×75
mm2 glass substrate. Reprinted with permission from151. Copyright 2024 Amer-
ican Chemical Society.

2.3 Preparation of Polystyrene Ellipsoids

Polystyrene ellipsoids were prepared using a film-stretching method, which was

established by Keville et al.155 and Ho et al.152 In this method, monodisperse

spherical PS particles were embedded in a PVA matrix film and stretched in an

oven above the glass transition temperature of the particles, which plastically

transformed spheres into ellipsoids. After stretching, the films were cooled to

room temperature and PVA matrix was dissolved to recover the ellipsoids. The

preparation procedure is depicted schematically in Figure 2.2.

A 3.5 wt% aqueous PVA solution was obtained by dissolving 5 g of PVA in

139 mL distilled water at 80°C overnight. The solution was constantly stirred at

375 rpm to avoid foaming. Next, a homogeneous PVA/particle dispersion was

prepared by adding 4 g of 10 wt% aqueous PS dispersion at 375 rpm for 5 h. The

weight ratio of PS to PVA in the final dispersion was 0.08. The PVA/particle

dispersion was then poured into a flat Teflon mold (15 × 28 cm2) to air-dry for

1 day. The particle-embedded PVA film was cut into small film strips (3 × 8

cm2 or 3 × 4 cm2, depending on the desired draw ratio). These film strips were
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Figure 2.2: Schematic depicting the preparation of PS ellipsoids by mechani-
cally stretching a PVA matrix film embedded with monodisperse PS spheres.
Reprinted with permission from151. Copyright 2024 American Chemical Society.

stretched in an oven at 140°C by applying uniaxial tension with a tensile test

apparatus (Zwick/Roell Z005 Universal Testing Machine). The stretching was

performed at a speed of 300 mm/min without applying any extra load. The films

were stretched at draw ratios of 100, 200, and 400% which resulted in ellipsoids

of varying aspect ratio (λ) of about 4, 6, and 11, respectively. The particle size

and aspect ratio were determined by counting 40 particles in a scanning electron

microscopy (SEM) image of each batch [Table 2.1].

Draw ratio(%) L (µm) de(µm) λ = L/de
100a 0.92±0.05 0.26±0.01 3.5±0.3
200a 1.30±0.11 0.21±0.02 6.1±0.8
400a 1.95±0.21 0.18±0.02 11±2
200b 1.37±0.10 0.19±0.02 7.2±0.9

Table 2.1: Dimensions (length L and diameter de) of the ellipsoids obtained
from 408a nm or 450b nm PS spheres at different draw ratios. Reprinted with
permission from151. Copyright 2024 American Chemical Society.

Several washing cycles were applied to extract the PS ellipsoids from the

PVA matrix film. The cooled film strips were cut into smaller pieces (1 × 1 cm2)

omitting the edges, as the edges could be nonuniformly stretched near the metal
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clamps. The smaller film pieces were dissolved in a IPA/water mixture (3:7)

(v:v) overnight under magnetic stirring. Subsequently, this mixture was heated

to 85°C for 1 h to fully dissolve the PVA matrix. The dispersion was centrifuged at

10000 rpm for 1 h to sediment the ellipsoidal particles, and the viscous PVA–rich

supernatant was decanted. The rest of the washing procedure followed dissolving

the sediment again in an IPA/water mixture (3:7) (v:v) and centrifuging at 10000

rpm for 1 h. This cycle was repeated two times. To remove the remaining PVA,

the ellipsoids were dispersed in water at 90°C for 1 h and centrifuged one last time.

The resultant ellipsoids were redispersed in an appropriate amount of distilled

water, depending on the required particle concentration.

2.4 Evaporation of PS Dispersion Droplets on

Superamphiphobic Surfaces

The aqueous PS dispersions were prepared before the evaporation experiments.

The volume concentration of PS ellipsoids or spheres in the dispersions was kept

around 1%. The stabilized dispersions contained a 1 mM aqueous SDS solu-

tion with 0.5% PS spheres or ellipsoids. In case of binary supraparticles, the

total volume concentration of sphere-ellipsoid dispersions varied between 0.6 –

1% with a volume ratio of ellipsoids to spheres ve:vs = 0.4, 1, 2.5, 5, and 10. Ap-

proximately 1 µL of these dispersions were dispensed onto the superamphiphobic

surfaces with the help of an Eppendorf Research Plus pipet, which was equipped

with epT.I.P.S. LoRetention Reloads tips. To perform the evaporation experi-

ments in a controlled manner, a humidity chamber was built in-house [Figure

2.3]. The humidity chamber was equipped with an inlet and an outlet and the

humidity was adjusted by mixing a stream of dry nitrogen gas and humidified

nitrogen gas. The evaporation process was recorded by a camera (Blackfly S

Color 5.0 MP USB3 Camera) through a window on the chamber. A humidity

sensor was placed inside the chamber to record the humidity during evaporation

experiments. Several droplets were dispensed through the holes on top of the

chamber as soon as the humidity inside the chamber was equilibrated. The dis-

persion droplets evaporated at 23°C, either under ambient conditions (relative
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humidity RH of 30%) or at a higher relative humidity of either 75% or 90%. The

chamber and the holes were kept sealed throughout the evaporation. At the end

of evaporation, the supraparticles were easily collected in small vials by slightly

tilting the superamphiphobic surfaces. It is important to note that sometimes

small amount of the nanofilaments adhered on the supraparticle surface. This

is most likely due to a few hydrophilic points that the nanofilaments still might

have, which are pinning the contact line.

Figure 2.3: The render of the in-house built humidity chamber for evaporation
experiments.

2.5 Scanning Electron Microscopy (SEM)

SEM is a conventional instrument to image the sample surface structure [Figure

2.4], which provides a high lateral resolution of typically 1-20 nm and high depth

of field.156 SEM uses an electron gun to produce the electron beam. The electrons

are accelerated by an electric potential in the order of 1-30 kV.156 A series of

lenses, such as condenser and objective lens, are used to control the diameter

of the beam and to focus the beam on the sample. The beam is raster-scanned

by scanning coils over the sample.156 Once the primary electrons hit the sample
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surface, they interact with the electrons in the sample giving them part of their

energy. This results in the emission of secondary electrons. Such secondary

electrons have low energies, which are on the order of ≈ 20 eV. Therefore, the

only secondary electrons that can escape from the sample are those that are very

close to the surface (≈ 1 nm).156 This is the reason why SEM is a highly surface-

sensitive method. Finally, the secondary electrons are collected by a detector

and their intensity is displayed versus the position of the primary beam on the

sample. The imaging takes place in vacuum environment around ≈10−7 mbar to

prevent the scattering of electrons by gas molecules. The samples must either

be conductive or they must be coated with a thin metal layer to prevent electric

charging by the electron beam.

The morphology of the superamphiphobic surfaces and the supraparticles here

in this study were imaged by SEM at 3 kV (low voltage LEO 1530 Gemini,

Germany). Prior to imaging, the samples were sputter coated with a 7 nm layer

of Pt using a Safematic Compact Coating Unit-010 to avoid charging.
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Figure 2.4: Schematic of a scanning electron microscope (SEM).

2.6 Other Characterization Methods

The water concentration of toluene is one of the key parameters to be taken care

of when preparing silicone nanofilaments-based superamphiphobic coatings, as it

directly effects the contact angles and sliding angles of droplets on the surface.115

Therefore, before initiating the growth of nanofilaments, the water concentration

of toluene was measured by using a Karl Fischer coulometer (Mettler Toledo C20

Compact KF coulometer).

Dynamic light scattering (DLS) measurements were carried on an ALV spec-

trometer to determine the size and polydispersity of the PS spheres, which was

significant in later producing ellipsoids that were as monodisperse as possible.

The spectrometer consisted of a goniometer and an ALV–5004 multiple–tau full–

digital correlator (320 channels, angular range from 30° to 150°). A He–Ne laser
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(wavelength of 632.8 nm) was used as the light source. Measurements were con-

ducted at 20°C at 9 varying angles ranging from 30° to 150°.

The zeta potential measurements were performed (Malvern Zetasizer Nano Z)

to estimate the stability of the colloidal dispersions.

The evaporation process was further monitored by laser scanning confocal

microscope (confocal microscopy, Leica Microsystems TCS SP8). 1 µL dispersion

droplet was dispensed on a transparent superamphiphobic surface, which was

coated on a high precision microscope cover glass (Carl Roth GmbH, thickness:

170 ± 5 µm). The confocal microscope was operated with a dry objective 10×/4.5

or 10×/2.5 and with an excitation beam of a Ar laser at 514 nm.

ImageJ software was used to perform image analysis with the evaporation

videos of the droplets. The analysis helped recording the change in droplet volume

as a function of time. The volume of the droplets was estimated by performing

solid of revolution157 without assuming any predefined droplet shape. To compute

the volume, an arc that passes through the circumference of one half of the droplet

was determined by using its 2D image. Then, disc–shape slices, which touch this

arc and cut the central axis perpendicularly, were integrated around this central

axis of the droplet. The method is depicted schematically in Figure 2.5.
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Figure 2.5: 3D reconstruction of a droplet showing the arc and disc–shape slices
(green) determined for solid of revolution. A half of a sphere (gray) is depicted for
comparison with the droplet. The inset shows an image of an evaporating droplet,
on which disc–shape slices are determined to compute the volume. Reprinted with
permission from151. Copyright 2024 American Chemical Society.
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Supraparticles with Buckled

Morphology

3.1 Background: Buckling Phenomenon

Drying of colloidal dispersions is a complex process which involves several phe-

nomena such as solvent diffusion, transfer of particles to the vapor interface, gela-

tion, or glass transition.158 Kinetics of drying usually occur far from equilibrium,

during which the concentration of colloids increases as solvent evaporates.94 This

alters the rheological properties of the medium which, initially fluid, can change

into a viscoelastic or brittle solid.158 As a result, the dried structure might show

mechanical instabilities, such as fracture and buckling. In practice, this buck-

ling phenomenon is relevant in spray-drying and in various industrial processes

(coatings, cosmetics, detergents, pharmaceuticals, engineering porous materials,

etc.).94;159;95

High concentration gradients develop at the air-liquid interface during the

drying of colloidal droplets.158 Consequently, a shell layer of colloids might form.

If this shell layer undergoes a sol-gel transition, it starts showing an elastic be-

haviour.94;158 The elastic shell does not impede evaporation. Instead, this curved

shell under external pressure minimizes its energy through extensional and bend-

ing deformations and forms a nonspherical buckled geometry (e.g., wrinkled or

dimpled sphere).158;160

The final morphology of the drying droplets, and hence, the supraparticles

45
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will be determined by the interplay of several parameters, including interparticle

interactions, evaporation kinetics, the initial colloid volume fraction, the colloid

size and the viscosity of the colloidal dispersion.160;159 The stress on the shell has

to exceed a critical value depending on these factors to lead to the buckling insta-

bility.158;94 For instance, varying humidity changes the evaporation rate, which in

return, changes the shell thickness and the stress. Depending on the type of ap-

plication, the desired supraparticle morphology, e.g., spherical or buckled, would

differ. Buckled supraparticles might be preferred over spherical ones for cataly-

sis and absorption applications due to larger surface to volume ratios, whereas

spherical supraparticles might be used as drug encapsulators.161 Therefore, gov-

erning the final morphology of supraparticles is important and could be achieved

by adjusting the aforementioned variables.

Previous studies suggested the effect of primary particle shape on controlling

the final supraparticle morphology.162;98Harraq et al. observed buckled supra-

particles composed of low aspect ratio rods (< 9), whereas they suppressed buck-

ling for supraparticles composed of high aspect ratio rods (> 9).162 Suppression of

buckling was attributed to the increase in shell permeability in case the shell was

formed by more elongated rods. Thin and dense shell showed buckling where thick

and porous shell did not, as the porosity decreased the capillary pressure caus-

ing the buckling instability. In another study, Mondal et al. produced buckled,

doughnut-shaped supraparticles with high aspect ratio (= 4) ellipsoids, in con-

trast with spherical supraparticles comprising low aspect ratio (= 2) ellipsoids.98

The stronger van der Waals attraction between the less elongated colloids was

shown to result in more stable supraparticles. Meanwhile, the shell that was

formed by higher aspect ratio colloids was less porous and the evaporation con-

tinued only by buckling of this shell. This prior research clearly highlighted the

role of primary particle shape on determining the supraparticle morphology. Yet,

it still lacks experimental data showing the effect of colloidal stability, of ellip-

soids of different aspect ratios as well as binary mixtures, and of a wide range of

Péclet numbers on the supraparticle shape. Continuing Chapter 3, I will discuss

experimental results regarding these aspects.
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3.2 Péclet Number Calculation

Péclet number is an important quantity to characterize the structure formation

in supraparticles, as already discussed in Subchapter 1.3. To estimate the Péclet

numbers, we should refer back to equation 1.1, which suggests the linear decrease

of V 2/3 with respect to time. In the experiments, the droplet volume was esti-

mated by video analysis using the solid of revolution method (see Subchapter 2.7).

Examples of evaporation curves are given below, which belong to sphere-ellipsoid

mixtures (with λ= 4) at slower [Figure 3.1(a)] and faster evaporation kinetics

[Figure 3.1(b)]. By knowing the droplet volume and the time, the evaporation

speed α can be extracted. Then, taking the time derivative of equation 1.1, one

obtains vev by the following expression15

vev =
1

2
(
3

4π
)2/3

α

R0

(3.1)

Now, each variable to calculate τev is known. Next, to calculate τd, one needs

to find D0. For a spherical colloid, D0 can be estimated through the Stokes-

Einstein relation as follows

Ds =
kBT

6πηd
(3.2)

where η is the medium viscosity and d is the radius of a sphere. For the sake of

simplicity, the viscosity was taken as that of water (η=10−3kgm−1s−1).

For an ellipsoid, the parallel diffusion coefficient (D∥) and the perpendicular

diffusion coefficient (D⊥) can be given as163

D∥ =
kBT ln(L/de)

2πηL
(3.3)

D⊥ =
kBT ln(L/de)

4πηL
(3.4)

Using the expressions for D∥ and D⊥, the diffusion coefficient for an ellipsoidal

colloid De is found by163

De =
(D⊥ + 2D∥)

3
(3.5)

Finally, Péclet number can be calculated as the ratio of τd to τev (see equation
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Figure 3.1: Evaporation curves showing the almost linear decrease of droplet
V 2/3 over time for sphere-ellipsoid (λ= 4) mixtures at a) slower and b) faster
evaporation rate. The Péclet numbers for ellipsoids (Pee) and spheres (Pes) are
labelled on the plots.
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1.2). Throughout this study, Pe ≫ 1 is defined as the evaporation-limited regime

and Pe ≤ 1 is defined as the diffusion-limited regime. The different Péclet regimes

are depicted in the drying simulation snapshots below [Figure 3.2] with Pe ≫
1 indicating the concentration gradients inside the droplet due to fast advection

and Pe ≤ 1 showing the almost homogeneous distribution of colloids inside the

droplet due to slow advection. For the rest of this thesis, Pee and Pes refer to the

Péclet numbers for the ellipsoids (rods in simulations) and spheres, respectively.

t = 0

Diffusion-limitedEvaporation-limited

Pe ≫ 1 Pe ≤ 1

Figure 3.2: Drying simulation snapshots depicting the evaporation-limited regime
(Pe ≫ 1), where evaporation is fast, and the diffusion-limited regime (Pe ≤ 1),
where evaporation is slow.
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3.3 Buckled Supraparticles Composed of Vary-

ing Colloid Shape

Aqueous dispersion droplets of PS ellipsoids of varying aspect ratios (λ= 4, 6,

and 11, corresponding to approximate lengths 0.92 µm , 1.30 µm, and 1.95

µm, see Table 2.1) were used to observe the effect of primary particle shape

on the final supraparticle shape. The colloidal droplets were evaporated on sili-

con nanofilaments-based superamphiphobic surfaces inside a humidity chamber.

The humidity chamber ensured a constant humidity by providing continuous ni-

trogen flow. In this set of experiments, the humidity inside the chamber was set

to RH=75% which led to 50≤Pee≤60. Accordingly, the droplets were completely

dried in about 90 minutes. The supraparticles formed an irregular final shape

that varied for each aspect ratio [Figure 3.3(a-c)]. Each supraparticle showed

at least one dimpled region and a wrinkled surface texture. The surfaces corre-

sponding to each supraparticle are given in the second column [Figure 3.3(d-f)].

The ellipsoids formed small bundles which were locally and laterally aligned on

the supraparticle surface. For λ= 4 and 6, most ellipsoids oriented in plane, while

for λ= 11 there appeared some out of plane-oriented ellipsoids. To image their

internal structure by SEM, the supraparticles were cut with the help of a scalpel.

The left image of Figure 3.4 shows a broken irregular-shaped supraparticle. As

can be observed from the interior SEM image on the right [Figure 3.4], the el-

lipsoids inside the supraparticle showed a random orientation. Ellipsoids packed

randomly for all the aspect ratios studied.
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Figure 3.3: SEM images showing the final supraparticle morphology and their
corresponding surfaces, composed of ellipsoids of λ= (a,d) 4, (b,e) 6, and (c,f) 11.
The supraparticles were evaporated at RH=75%, in which the complete drying
took almost 90 minutes with 50≤Pee≤60.
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Pee=50

InteriorSupraparticle
λ=6

Figure 3.4: SEM image of a cut supraparticle (left) composed of λ= 6 ellipsoids
at Pee=50. SEM image on the right exemplifies the interior structure of the
supraparticles formed under the given conditions.

As I already introduced in Subchapter 3.1, the deterioration from spherical

shape is a common phenomenon for drying colloidal dispersion droplets, which can

be named as buckling. The buckling phenomenon was also captured through the

videos recording the evaporation experiments and is schematically depicted with

spherical building blocks in Figure 3.5 below. Initially, the droplets shrink isotrop-

ically on the superamphiphobic surface behaving like a pure liquid and maintain-

ing their spherical shape. As water evaporates, the overall particle concentration

increases during which the colloidal stability of the system decreases. For large

Péclet numbers, especially in the evaporation-limited regime, the air-water inter-

face recedes way faster than the particles could diffuse inside the droplet. This

could lead to the formation of a dense shell layer of particles near the air-water

interface.94;158 As the shell thickens, the droplet cannot shrink isotropically. In-

stead, the droplet flattens and later forms an irregular shape, which appears like a

deflated ball. In my experiments, this flattening and successively buckling of the

droplets occurred towards the end of the evaporation (at time= 85 minutes) and

was rather fast (in almost 5 minutes). The buckling is attributed to the forma-

tion of a shell layer, which starts behaving elastically and deforms after a certain

pressure.94 This shell layer tends to emerge in case the attractive forces between

the colloids exceed the stabilizing electrostatic forces.94 Once the colloids start

accumulating on the receding air-water interface, they will be objected to strong

capillary forces. The attractive capillary forces might densify the shell layer and
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increase the capillary pressure inside the droplet. Such strong capillary pressure

results with the buckling of the shell, since this is how the shell could to relieve

its stress.164;165

t (min)
t<85 85<t<90 t=90t=0

Initial droplet

Isotropic evaporation
Particles interact

Shell formation
Flattening

Final buckled 
supraparticle
morphology

superamphiphobic surface

Figure 3.5: Schematic depicting the buckling process of an evaporating colloidal
dispersion droplet on superamphiphobic surface. The times at which the certain
events occurred were deduced by analyzing the recorded videos of evaporation
experiments.

Sufficiently long micron-sized ellipsoids at liquid interfaces have been shown

to possess strong, shape-induced, long-range capillary attraction.166;167;168 In fact,

the ellipsoidal particles are found to interact over distances several times longer

than their major axis.166 This leads to an attractive strength of about several

orders of magnitude larger than the thermal energy kBT near contact.166;167 For

this reason, ellipsoids have been used to stabilize interfaces in emulsions.7 The

self-assembly of ellipsoids are governed mainly by these strong lateral capillary

interactions, which are highly dependent on their aspect ratio and contact an-

gle.166;167;168 If at a planar interface, spherical colloids do not experience lateral

capillary interactions and their self-assembly are dominated by direct interac-

tions, such as electrostatic or van der Waals interactions.139;168 However, at a

curved interface, although not as strong as ellipsoids, spherical colloids will also

induce capillary interactions.139;169 Therefore, ellipsoids inducing strong lateral
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capillary interactions may drive the deformation of a shell way easier compared

to spheres.

With this in mind, I made supraparticles composed of PS spheres (of 408 nm

in diameter and are shown with λ= 1). The evaporation experiments were again

conducted inside the humidity chamber at RH=75% starting with 1% initial

volume fraction. The complete drying of the droplets took about 90 minutes

again corresponding to Pes=10. The use of spherical building blocks did not

actually suppress buckling. At the end of drying, the supraparticles formed a

small buckled region from the top, but remained otherwise spherical [Figure 3.6

(left)]. In contrast to the wrinkled supraparticle surfaces composed of ellipsoids,

the surfaces here in this case showed a rather smooth texture [Figure 3.6 (right)].

Crystalline regions of PS spheres with some line and point defects were observed

on the supraparticle surface.

Pes=10

Supraparticle Surface
λ=1

Figure 3.6: SEM images showing the supraparticle (left) and the supraparticle
surface (right) composed of PS spheres (408 nm in size). The supraparticles were
evaporated at RH=75%, in which the complete drying took almost 90 minutes
with Pes=10.

After making supraparticles composed solely of ellipsoids or spheres to see if

the primary particle shape affects buckling, the idea of using sphere-ellipsoid mix-

tures arose. A theoretical study previously showed that there could be capillary

attraction between an ellipsoid and a sphere at a planar interface.139 The capil-

lary attraction originated by spheres interacting with the interface deformation

around the ellipsoid, which generated a locally curved interface. Hence, using
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binary mixtures of different shapes might change the capillary interactions and

the final supraparticle structure. The binary supraparticles were fabricated by

evaporating dispersion droplets of sphere-ellipsoid mixtures. The PS spheres were

450 nm in diameter and the λ= 7 ellipsoids had a corresponding length of about

1.37 µm. The total initial colloid volume fraction was 0.6% with an equal volume

ratio of ellipsoids to spheres (ve:vs = 1). The evaporation experiments were done

under the same conditions as before at RH=75%. The drying of droplets were

completed in 90 minutes with Pee=50 and Pes=10. The supraparticles were ill-

shaped and showed a large buckled region from the top [Figure 3.7 (left)]. The

surface of the binary supraparticles [Figure 3.7 (right)] consisted mostly of ellip-

soids. The ellipsoids oriented randomly on the surface. Some spheres appeared

as well and filled in the interstitial spaces between ellipsoids.

Supraparticle

Pee=50

Surface
&
λ=1

λ=7

Figure 3.7: SEM images showing the binary supraparticle (left) and the supra-
particle surface (right) composed of sphere-ellipsoid mixture. The spheres (450
nm in size) and the ellipsoids (λ= 7) had an equal volume ratio. The supraparti-
cles were evaporated at RH=75%, in which the complete drying took almost 90
minutes with Pee=50 and Pes=10.

To better visualize the buckling and the how colloids distribute within the

droplet, the evaporation experiments were monitored by laser scanning confocal

microscopy. The evaporation of the droplets took place at ambient conditions

(RH=30%), since the humidity chamber could not be coupled with the micro-

scope. Thus, the evaporation rate increased compared to the previous experi-

ments and the droplets were completely dried in 30 minutes. The droplets were

evaporated on the superamphiphobic surface, which was coated on a thin, high
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precision microscope cover glass to allow imaging with the confocal microscope

from below. The initial colloid volume fraction of the droplets were kept much

more dilute to prevent refractive index mismatch during the confocal imaging.

In the first set of experiments, supraparticles were made by using commercial

aqueous dispersion of spherical PS particles. The PS spheres were fluorescently

labeled and 500 nm in size. The droplets containing spheres (0.1% initial volume

fraction) showed a distinct accumulation of particles at the droplet-air interface

at time=20 minutes [Figure 3.8(a)]. At the end of drying, time=30 minutes, the

droplet formed an almost spherical supraparticle [Figure 3.8(b)]. In the second

set of experiments, binary supraparticles were made by using a mixture of these

fluorescently labeled spheres and non-labeled ellipsoids of λ= 4. The total initial

volume fraction of aqueous mixture droplets was 0.2% with equal volume ratio of

ellipsoids to spheres (ve:vs = 1). At time=25 minutes of evaporation, the droplet

showed a layer of accumulated particles at the droplet-air interface [Figure 3.8(c)].

In the core, there appeared a distinct particle jamming of fluorescently labeled

spheres and non-labeled ellipsoids. The droplet was still spherical at this stage.

The deterioration from sphericity happened quite fast. Figure 3.8(d) displays a

shell that was already buckled at time=30 minutes, in which the droplet core

still showed jamming of colloids. The colloids finally consolidated into an irreg-

ular shaped supraparticle, which looked like a deflated ball, at time=32 minutes

[Figure 3.8(e)].
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t = 20 min
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Figure 3.8: Confocal microscopy snapshots of an evaporating droplet of fluores-
cently labeled commercial PS spheres after a) t=20 minutes, and b) the resultant
supraparticle after t=30 minutes. Snapshots of an evaporating droplet of sphere-
ellipsoid mixture after c) t=25 minutes d) t=30 minutes, and e) the resultant
buckled supraparticle after t=32 minutes. The mixture droplet contained fluo-
rescently labeled commercial PS spheres and non–fluorescent ellipsoids of λ= 4.

3.4 Buckled Supraparticles Obtained at Differ-

ent Evaporation Kinetics

The process conditions during evaporation, e.g., temperature and humidity, play

an important role on the final morphology of the supraparticle. Close to the

diffusion-limited regime, Pe ≤ 1, the evaporation is slow and the colloids inside

the droplet distribute more homogeneously during evaporation.160;94 This finally

leads to the formation of a spherical supraparticle morphology. However, in the

evaporation-limited regime, where Pe ≫ 1, the evaporation is way faster than

the diffusion of colloids. Eventually, advection develops concentration gradients

inside the droplet, which might drive the formation of a shell. For this reason,

buckling, and hence, the formation of crumpled, irregular shaped supraparticles is

more prone to form under fast evaporation conditions.160;94 The study of Biswas

et al.170 illustrated the effect of evaporation kinetics, as they tuned the final mor-
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phology of spray- dried microcapsules by changing the drying temperature. At

lower temperature, the nanoparticles assembled into a compactly packed spheri-

cal granule. By increasing the drying temperature, the nanoparticles packed into

thin shells and led to the formation of hollow capsules that finally buckled into a

toroidal shape.

To probe the effect of evaporation rate on the final supraparticle structure,

I performed evaporation experiments at different humidity, leading to different

Péclet numbers. By decreasing the humidity, the same evaporation experiments

occurred at a faster evaporation rate. Aqueous droplets of λ= 4, 6, and 11 el-

lipsoids were evaporated at RH=30% leading to 170≤Pee≤200. In this case, the

complete drying of dispersion droplets took 30 minutes. As the Péclet numbers

were even higher than those in Figure 3.3, all the supraparticles eventually buck-

led. Figure 3.9(a-c) shows the crumpled final supraparticle with at least one

dimpled region for each aspect ratio. The respective supraparticle surfaces [Fig-

ure 3.9(d-f)] had a wrinkled texture. As before, ellipsoids formed local regions of

laterally oriented bundles on the supraparticle surface.
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Figure 3.9: SEM images showing the final supraparticle morphology and their
corresponding surfaces, composed of ellipsoids of λ= (a,d) 4, (b,e) 6, and (c,f) 11.
The supraparticles were evaporated at RH=30%, in which the complete drying
took almost 30 minutes with 170≤Pee≤200.

As a next step, I performed the evaporation experiments at a higher relative

humidity to slow down the evaporation rate. The diffusion-limited regime (Pe ≤
1) is experimentally difficult to achieve, because the colloids have small transla-

tional diffusion coefficients, which are on the order of 10−13 m2s−1 for ellipsoids.95

Pe ≤ 1 requires the evaporation rate vev≤10−9 ms−1, which is at least one or-

der of magnitude smaller than the current conditions. In the end, the closest
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value I could reach experimentally was Pee=10 (with vev on the order of 10−8

ms−1). In this case, the evaporation experiments were performed at RH=90% by

placing several water containers around the superamphiphobic substrate inside

the humidity chamber. The humidity value was no longer precise under these

conditions, as the humidity sensor was not sensitive enough to specify such high

humidity. The complete drying of the dispersion droplets of PS λ= 7 ellipsoids

took almost 315 minutes. Although the evaporation was four times longer than

in Figure 3.3, the obtained supraparticle morphology was still irregular and re-

sembled a deflated ball [Figure 3.10 (top)]. As was already the case for previously

buckled supraparticles above, these also showed a wrinkled surface texture [Fig-

ure 3.10 (bottom)]. It is worth mentioning here that the ellipsoids on the surface

seemed more aligned compared to those obtained at 50≤Pee≤60. From the SEM

images, it seems that the λ= 7 ellipsoids ordered along their short axis direction

up to three ellipsoid diameters and did not show any ordering along their long

axis direction.

Surface

 Supraparticle
λ=7

Pee=10

Figure 3.10: SEM images showing the supraparticle (top) and the supraparticle
surface (bottom) composed of λ= 7 ellipsoids. The supraparticles were evaporated
at RH=90%, in which the complete drying took almost 315 minutes with Pee=10.
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I further cut the supraparticles to image the interior. Figure 3.11 (left) be-

low depicts several buckled supraparticles obtained at a slower evaporation rate

(Pee=10), with one of them cut to expose the interior. The ellipsoids oriented

randomly inside the supraparticles [Figure 3.11 (right)] similar to those obtained

at Pee=50 [Figure 3.4].

Supraparticle Interior

Pee=10

λ=7

Figure 3.11: SEM image of many supraparticles and a cut supraparticle (left)
composed of λ= 7 ellipsoids at Pee=10. SEM image on the right shows the
interior structure of the supraparticles formed under the given conditions.

3.5 Buckled Supraparticles at Increased Initial

Volume Fraction

The initial volume fraction of colloidal particles is another significant param-

eter that will determine the final supraparticle morphology. For instance, the

morphology of 1% and 2% spray-dried alumina colloids was tuned from buckled

doughnut-shaped into a sphere provided that the initial concentration was in-

creased to 5%.171 Increase of colloid volume fraction decreased the probability of

buckling due to the inherent spatial constraint. A variety of final supraparticle

shapes (pancakes, buckled clusters, and unbuckled spheroids, respectively) were

obtained by evaporating droplets of PS colloids on superhydrophobic substrate

when initial particle concentration increased systematically.124 The prevention of

buckling can be attributed to an effectively lower Pe at increased particle con-

centration. When a droplet with lower initial volume fraction reaches the same
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volume fraction as a droplet with higher initial volume fraction, the prior is al-

ready shrunken to a smaller size and is evaporating faster. This would mean a

higher effective Pe at this point, which makes the droplet more prone to buckling.

Since increasing the initial colloidal volume fraction was previously shown

to hinder buckling, I performed evaporation experiments with droplets that con-

tained 8% initial volume fraction of PS spheres (408 nm in diameter) at RH=75%.

I made these preliminary experiments with spherical colloids, as it was difficult to

obtain high concentration of ellipsoidal particles with the used synthesis method.

Nevertheless, the eight times-increased colloidal volume fraction did not lead

to the formation of spherical supraparticles. The resultant supraparticles still

showed a small buckled region [Figure 3.12].

λ=1

Figure 3.12: SEM images showing many supraparticles (left) and a supraparticle
cut in half (right) composed of PS spheres (408 nm in size). The initial PS volume
fraction was increased to 8%. The supraparticles were evaporated at RH=75%,
in which the complete drying took almost 90 minutes.

3.6 Conclusions

Chapter 3 introduced an important phenomenon commonly observed in drying

colloidal dispersions, which is the so-called buckling. Buckling indicated the for-

mation of a shell layer at the receding droplet-air front, which later deformed

into an irregular shape to release its stress. Buckling of supraparticles was ob-

served with primary building blocks of different shapes, including λ= 4, 6, 11

ellipsoids and spheres. Each aspect ratio resulted in a different nonspherical fi-

nal morphology of supraparticle with a wrinkled surface texture and a random
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orientation of ellipsoids in the interior (at 50≤Pee≤60). Using spherical colloids

somewhat improved the sphericity of the final supraparticle morphology, yet still

showed a buckled region from the top. The binary supraparticles composed of

sphere-ellipsoid mixtures also displayed a highly deformed final shape.

The effect of evaporation rate as well as initial volume fraction on the final

supraparticle shape was further investigated. The evaporation rate was regulated

by changing the humidity and was characterized through the dimensionless Péclet

number, which was estimated by analyzing the evaporation videos. Decreasing

the evaporation rate (Pee=10) was shown to reduce buckling but not preventing

it completely for the pure-ellipsoid supraparticles. Moreover, the evaporation

experiments done with spherical colloids at increased initial particle concentration

still formed a buckled region.

Having tuned all the above-mentioned parameters, buckling was attributed

to the insufficient colloidal stability of the dispersions used in the experiments.

This was because buckling indicated the stress-induced deformation of the shell in

case the attractive capillary forces dominated the stabilizing electrostatic forces

between colloids. The formation and the subsequent deformation of this shell

layer was further evidenced by the confocal experiments. The results suggest

that buckling of supraparticles could be prevented by increasing the colloidal

stability of the dispersion systems.



Chapter 4

Supraparticles with Spherical

Morphology

4.1 Suppressing Buckling During Supraparticle

Formation

Chapter 3 showed the influence of primary colloid shape, initial colloid volume

fraction and evaporation rate on the formation of buckled supraparticles. Buck-

ling was attributed to the formation of a shell due to the dominating attractive

interactions between colloids. Towards the end of evaporation, the capillary stress

caused by the shell became higher than the colloidal repulsive stress inside the

droplet.95 As a result, the shell buckled. Tsapis et al. even showed that the

drying time until the onset of buckling could be shortened for levitated PS col-

loidal droplets once the net repulsive force between the colloids decreased with

the addition of salt.94

This, of course, brought the idea of increasing the colloidal repulsive stress,

i.e., increasing the stabilizing repulsive interactions between colloids. Colloids

might carry surface groups that stabilize them against aggregation due to van der

Waals forces.56 These surface groups could be either polymer chains, which pro-

vide a short-range steric stabilization between the colloids, or charged groups.56

The charged groups provide an electrostatic stabilization by dissociating in wa-

ter. The range of this electrostatic barrier might vary from a few nanometers to

64
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a hundred nanometers, depending on the dissolved salt concentration.56 In my

experiments, PS colloids carried charged -COOH surface groups to ensure this

electrostatic barrier. This was evidenced by their zeta potential of ≈ -59 mV.

Yet, the electrostatic stabilization did not seem to be strong enough to prevent

aggregation at high particle density. Even at slow evaporation kinetics (where

Pee=10) the supraparticles ended with a buckled morphology due to colloidal

aggregation on the droplet surface [Figure 3.10].

To increase the colloidal stability, i.e., to further increase the repulsive elec-

trostatic interaction between the colloids, I added the anionic surfactant SDS to

each dispersion. As surfactants are known to change interparticle interactions,

they might be used in aggregation or stabilization of a system. For instance, an

ionic surfactant like SDS provides electrostatic stabilization through electrostatic

and steric effects.172 SDS possesses a hydrophobic alkyl tail and a hydrophilic

sulphate head [Figure 4.1]. The PS colloids used in the experiments were slightly

hydrophobic in nature. Hence, once SDS was added to the aqueous dispersion,

its hydrophobic alkyl tail adsorbed on the PS colloids. The electrostatic repul-

sion between the polar sulphate head groups of SDS prevented aggregation and

kept the PS colloids well dispersed. It should be noted here that not all SDS

might be adsorbing on the PS colloids. Some excess SDS might adsorb at the air-

water interface with the hydrocarbon chains oriented towards the vapor phase.173

However, we cannot observe the adsorption behavior of the surfactant inside the

evaporating droplet directly. The adsorbed surfactant layers are usually only a

few nanometers thick.174 This would mean that we cannot detect them with SEM.

SDS concentration continuously increased, as water evaporated. This increase

in concentration actually increases the capability of SDS to solubilize another

hydrophobic substance like PS.173 However, this would be limited by the very high

concentrations. Above the critical micelle concentration (which is about 8 mM

for SDS175) the non-adsorbed surfactant can behave similarly to a polymer which

induces depletion attraction between the colloids.176 When two colloids approach

each other in a solution of non-adsorbed surfactant, the smaller surfactant is

excluded from the vicinity of the larger colloids. Consequently, the increased

osmotic pressure in the liquid medium surrounding the colloids causes them to
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Figure 4.1: The molecular structure of the anionic surfactant sodium dodecyl
sulphate (SDS) shown with its hydrophobic alkyl tail and a hydrophilic sulphate
head.

aggregate via attractive depletion forces.176 During the evaporation experiments,

the concentration of SDS increased from 1 mM up to almost 240 mM. Yet, any

destabilization, as proposed by such depletion mechanism, was not observed, since

the droplets maintained their spherical morphology throughout evaporation. This

showed that the addition of SDS increased the colloidal stability of the dispersion

droplets. It is also plausible that the presence of SDS changed the nature of

any shell that might form to be more permeable and less rigid so that it can

reconfigure its shape instead of buckling.

I did some trial experiments to figure out the initial SDS concentration re-

quired to stabilize the dispersions. While doing so, I calculated the increase of

surface area of an ellipsoid, relative to that of a sphere. To reach the same sur-

face coverage as for a sphere with the same volume, I needed 50%, 75%, and

160% more surfactant, for ellipsoids of λ= 4, 6, and 11, respectively. The spher-

ical PS colloids were already stabilized with 0.1 mM SDS. This required the use

of 0.15 mM, 0.175 mM, and 0.26 mM SDS for ellipsoids of λ= 4, 6, and 11,

respectively. These estimated surfactant concentrations, however, were not suf-

ficient to prevent buckling especially for ellipsoids of λ= 6 and 11. In the end,

all dispersion systems were well stabilized with 1 mM SDS. While doing these

systematic experiments, I kept the SDS concentration well below 3 mM, as above

this concentration the surface tension decreased significantly.177 After stabilizing

the dispersion droplets with 1 mM SDS, the obtained supraparticles resulted in
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Pee=50
λ=6

Figure 4.2: SEM image of a cut supraparticle showing the final spherical mor-
phology after stabilizing the dispersion droplets with SDS. The supraparticle in
the image was composed of λ= 6 ellipsoids and obtained at Pee=50. Insets show
the supraparticle surface and interior at higher magnification. Scale bar in the
insets corresponds to 1 µm. Reprinted with permission from151. Copyright 2024
American Chemical Society.

an almost spherical shape, for all the aspect ratios investigated [Figure 4.2].

4.2 Buckling Re-Initiated at Fast Evaporation

The role of evaporation rate on the final morphology was already discussed in

Subchapter 3.4. Therefore, it was worth questioning whether the final shape of

SDS-stabilized dispersion droplets of PS ellipsoids could be altered at faster evap-

oration kinetics. Aqueous dispersion droplets of λ= 4, 6, and 11 ellipsoids were

evaporated at RH=30% on superamphiphobic surfaces, leading to 170≤Pee≤200.

The decrease of humidity, i.e., the increase of evaporation rate, re-initiated the

buckling of stabilized-droplets near the end of evaporation. Faster advection of

air-water interface facilitated the formation of a shell and prevented the relax-

ation of accumulated colloids by diffusion. As a result, the final supraparticles

were not spherical anymore [Figure 4.3(a-c)]. Buckling typically occurred from
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the top.

The ellipsoids on the buckled supraparticle surface did not seem to align much

[Figure 4.3(d-f)]. A lot of ellipsoids oriented out of plane on the supraparticle

surfaces.

Supraparticle Surface
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Figure 4.3: SEM images showing the final supraparticle morphology and their
corresponding surfaces, composed of ellipsoids of λ= (a,d) 4, (b,e) 6, and (c,f)
11. The dispersion droplets contained 1 mM SDS. The supraparticles were evap-
orated at RH=30%, in which the complete drying took almost 30 minutes with
170≤Pee≤200. Reprinted with permission from151. Copyright 2024 American
Chemical Society.



CHAPTER 4. SUPRAPARTICLES WITH SPHERICAL MORPHOLOGY 69

4.3 Surface Ordering of Ellipsoids

The orientational order of anisotropic colloids has a significant impact on many

technological applications. An evident example of this is liquid crystals, where

the orientation of elongated rod-like molecules dictates the macroscopic behavior

of a sample.178 The long-range orientational order (as in a nematic phase) that

anisotropic colloids like ellipsoids displays is usually accompanied by a remarkable

change in material’s elastic, optical or conductivity properties along the direction

of orientation.178;179 Therefore, to gain control over the orientation of ellipsoids

is required in many devices.

Prompted by this reasoning, I examined the supraparticle surfaces with SEM.

As of now, the surfaces were easier to evaluate, since the spherical supraparticles

had a smooth texture with most ellipsoids oriented in plane. Figure 4.4(a-c)

shows the supraparticle surfaces composed of ellipsoids of λ= 4, 6, and 11. The

ellipsoids showed a short-range lateral ordering upon drying at RH=75% with

40≤Pee≤70. Most ellipsoids oriented in plane on the supraparticle surfaces. The

supraparticle that showed the most out of plane oriented ellipsoids was the one

with the highest aspect ratio (λ= 11).

To quantify the ordering of the ellipsoids on the supraparticle surface, the

orientational order parameter S † was computed as follows,151

S†(ri, rj) = ⟨2cos2θij − 1⟩ (4.1)

where θij is the angle between the long axes of two ellipsoids i and j, whose

centers of mass are separated by distance r =| rj − ri | with ri being the position

of ellipsoid i. The orientational order parameter was calculated using the surface

SEM images of supraparticles. The interior ordering of ellipsoids could only be

observed visually. This was because the supraparticle cross-sections resulted in

a rough, non-planar interface due to the random breakage of the supraparticles

during cutting. S† = 1 indicates a fully parallel ordering of ellipsoids, whereas

S† = 0 would mean a random configuration.151 The lateral and longitudinal

ordering of the ellipsoids was plotted on a spatially resolved two-dimensional

heat map as in Figure 4.4(d-f) below. The width and height of each cell on the
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heat map corresponded to the diameter (de) and length (L) of one single ellipsoid,

respectively. This way, adjacent cells represented adjacent ellipsoids.
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Figure 4.4: SEM images of supraparticle surfaces composed of λ= a) 4, b) 6, c)
11 ellipsoids. The supraparticles were obtained at 40≤Pee≤70. The 2D heat map
for the orientational order parameter S † (d-f), computed from the corresponding
surface images shown in (a-c). Reprinted (adapted) with permission from151.
Copyright 2024 American Chemical Society.

The 2D heat map in Figure 4.4(d-f) was computed using the SEM images of

the supraparticle surfaces shown in Figure 4.4(a-c) for the supraparticles com-

posed of λ= 4, 6, and 11 ellipsoids, respectively. Accordingly, no ordering was
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found for λ= 4 (Pee=40). For λ= 6 (Pee=50), the ellipsoids were ordered along

the short axis up to three ellipsoid diameters. For λ= 11 (Pee=70), the ordering

along the short axis increased to about four ellipsoid diameters. The ellipsoids

did not show any ordering along their long axis direction irrespective of the aspect

ratio.

Now, the question that emerged naturally was whether we could change the

ordering of ellipsoids on the supraparticle surface. Therefore, we wanted to un-

derstand if and to what extent the evaporation rate could influence the surface

structure. For that reason, our collaborators and

performed computer simulations of drying droplets composed of rods

both in the evaporation- (Pe ≫ 1) and diffusion-limited regime (Pe ≤ 1).151 Sim-

ulations were performed with and without including hydrodynamic interactions,

which yielded nearly identical structures. Hence, simulations could be carried out

with excluded hydrodynamic interactions, which enabled larger scale simulations

with droplets of radius R0= 100de.

The experimental and simulation results could be compared, since the corre-

sponding Péclet numbers are on the same order of magnitude. The results are

largely in good agreement [Figure 4.4 and 4.5] with some differences.151 The sim-

ulation model considers a purely repulsive harmonic potential at the droplet-air

interface, which might be suppressing the out of plane orientation of colloids ob-

served in the experiments. In addition to that, simulations model the ellipsoids

as (nearly) hard rods which would influence the packing behaviour.

The evaporation-limited regime that was investigated with the simulations

(70≤Pee≤140) [Figure 4.5(a-c)] showed small, ordered bundles of rods on the

supraparticle surfaces in all cases. Orientationally ordered clusters of rods are

colored differently to distinguish them on the supraparticle surface. The diffusion-

limited regime (Pee=1) showed long-range orientation of rods along their short

and long axis directions [Figure 4.5(d-f)]. This dramatic increase in particle ori-

entation can be explained by the entropy-driven ordering of liquid-crystalline

phases, as first introduced by Onsager.180 Onsager’s theory states that at suffi-

ciently high concentrations hard rods interacting with repulsive forces may show

orientational ordering and prefer to align nematically. Because the increase in
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Evaporation-limited Diffusion-limited
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λ=11
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a

Pee=70
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    Pee=1
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f

    Pee=1

b

Pee=90

Figure 4.5: Simulation snapshots showing the supraparticle surfaces obtained
in the (a-c) evaporation-limited (Pe ≫ 1) and (d-f) diffusion-limited (Pe ≤ 1)
drying regimes for λ= 4, 6, and 11 rods (from top to bottom). Orientationally
ordered clusters of rods are shown in different colors to guide the eye. Reprinted
with permission from151. Copyright 2024 American Chemical Society.
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translational entropy owing to particle alignment dominates over the loss in ori-

entational entropy. Monte Carlo simulations indicated that the nature of this

isotropic-nematic transition differed depending on the aspect ratio.181 For short

rigid rods (of aspect ratio of about 5) the transition has a weak first-order char-

acter. Therefore, at a certain compression, it resulted in small nematic clusters

of each having its own orientation.181 For longer rigid rods (of aspect ratio of

about 15), however, the isotropic-nematic transition is strongly first-order. This

allowed the spontaneous transformation of the whole isotropic phase into the

nematic phase with a nearly uniform orientation.181 Increasing the aspect ratio

decreases the concentration at which this transition takes place.182 It is important

to note that Onsager’s theory describes a bulk system at equilibrium, so it is not

sufficient to fully explain the non-equilibrium behavior of drying droplets. The

decrease of the range of ordering observed at Pe ≫ 1 could be explained by rods

not finding enough time to reorient when the droplet was dried fast.151

The simulation results suggested that the extent of surface ordering of rods

depended strongly on the drying kinetics. For this reason, we further calcu-

lated the radially averaged S † of rods on the supraparticle surface at varying

Péclet numbers [Figure 4.6]. The largest Péclet numbers (70≤Pee≤140) used

in the simulations matched quite well with the experiments done at RH=75%

(40≤Pee≤70), which are shown as dashed lines on the plots. The range of ori-

entational ordering of rods increased rapidly with increasing aspect ratio. In line

with the experiments, λ= 4 rods exhibited on average no lateral ordering [Fig-

ure 4.6(a)]. The λ= 11 rods showed long-range ordering, which decayed with

increasing Péclet numbers [Figure 4.6(c)].
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Figure 4.6: Plots showing the Péclet number dependence of orientational order
parameter for rods of λ= a) 4, b) 6, and c) 11. The experimental results are
plotted with dashed lines. Reprinted with permission from151. Copyright 2024
American Chemical Society.
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Thus far, the simulations showed that we could increase the surface ordering

of elongated colloids in the direction of diffusion-limited regime. Hence, I per-

formed experiments under slower evaporation kinetics at RH=90% and reached

to Pee=10, as described previously. After stabilizing the dispersion droplets with

SDS, the supraparticles formed an almost spherical morphology [Figure 4.7(a)] at

Pee=10 with a smooth surface [Figure 4.7(b)]. The 2D heat map [Figure 4.7(c)]

quantified the ordering of λ= 7 ellipsoids on these surfaces. The orientational or-

dering of ellipsoids increased along both short and long axis direction compared

to the buckled supraparticles at Pee=10 [Figure 3.10] and to the spherical supra-

particles at 40≤Pee≤70 [Figure 4.4]. On these supraparticles, the lateral degree

of ordering extended up to five ellipsoid diameters.

a λ=7

Pee=10

b c

Figure 4.7: SEM images showing a) the final supraparticle morphology and b)
the corresponding surface, composed of ellipsoids of λ= 7. The SDS-stabilized
dispersion droplets were evaporated at RH=90%, leading to Pee=10. c) The
2D heat map for the orientational order parameter S † was computed using the
surface image shown in b).
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4.4 Interior Ordering of Ellipsoids

The ordering of ellipsoids inside the supraparticles was imaged by SEM after cut-

ting the supraparticles with a scalpel. The buckled supraparticles at 10≤Pee≤60

previously showed random distribution of ellipsoids in the interior [Figures 3.4 and

3.11]. Likewise, the cross-section images of spherical supraparticles at 40≤Pee≤70

also revealed randomly packed ellipsoids irrespective of aspect ratio [see the inset

in Figure 4.2 and Figure 4.8].

Experiments183 and simulations184 of bulk systems have shown that the ran-

dom packing of rod-like particles typically forms more open structures in com-

parison to that of spherical particles. Moreover, increasing the aspect ratio has

been shown to decrease the packing efficiency of oriented elongated particles.183

With this in mind, we computed the packing volume fraction ϕ of ellipsoids inside

the supraparticles as a measure of porosity.151 In order to calculate the packing

volume fraction, we first estimated the initial and final droplet volume through

image analysis, as described in Subchapter 2.7. Solid of revolution method was

used to calculate the droplet volume, after determining an arc through the cir-

cumference of the 2D image of one half of the droplet. This method assumed

rotational symmetry, but ruled out a specific droplet shape. Therefore, it can-

celed any systematic error coming from the deviation of sphericity.151 The final

volume fraction of ellipsoids inside the supraparticles was then computed as

ϕf =
ϕ0V0

Vf

(4.2)

where ϕ0 is the initial colloid volume fraction and V0 and Vf are the initial and

final droplet volumes, respectively. Table 4.1 below shows the ϕf calculated for

λ= 1, 4, 6, and 11, together with corresponding ϕ0 and theoretically predicted

values of random packing in bulk dispersions.151 The supraparticles composed of

spherical colloids (λ= 1) were also calculated to set a reference point. As expected,

the final volume fraction of ellipsoids decreased with increasing ellipsoid aspect

ratio. The results were coherent with bulk simulation studies of randomly oriented

rods.184;185;186;187 The decrease in random packing efficiency of ellipsoids inside

the supraparticles can be ascribed to the increase of orientationally averaged
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a

b

c

Pee=50

λ=6

Figure 4.8: The cross-section SEM images of supraparticles composed of λ=
6 ellipsoids at Pee=50. Images show the same region of interest by zooming
out from (a-c). Reprinted with permission from151. Copyright 2024 American
Chemical Society.
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excluded volume for particles with higher aspect ratios.183;184 A sphere of diameter

d can find its contacting neighbors in an excluded volume of order d3.183 For a

rod of length L, the mechanical stability is ensured by about the same number

of neighbors, however, with their centers in a much larger excluded volume of

order dL2.183 Thus, the packing fraction will be essentially lowered. Our results

suggest that the supraparticle porosity can be further increased (ϕf decreased)

by assembling ellipsoids of higher aspect ratio.151

λ ϕ0 ϕf Theoretically expected ϕf

1 0.011±0.001 0.61±0.06 0.66184, 0.68186;188, 0.69187

4 0.011±0.001 0.59±0.03 0.53184, 0.55186, 0.59185, 0.61187

6 0.013±0.002 0.57±0.08 0.51188, 0.55187

11 0.081±0.001 0.52±0.04 0.40188, 0.43186, 0.44185, 0.48187

Table 4.1: Final volume fractions of spheres and ellipsoids composing the supra-
particles at 10≤Pe≤70. The last column corresponds to the theoretically esti-
mated values of random packing in bulk dispersions. Reprinted with permission
from151. Copyright 2024 American Chemical Society.

Simulations of the supraparticle cross-sections performed in the evaporation-

limited regime (70≤Pee≤140) indicated the random orientation of rods in the

interior [Figure 4.9(a-c)], just as in the experiments. On the other hand, the

simulations in the diffusion-limited regime (Pe ≤ 1) showed local nematic or-

dering of rods inside the supraparticles [Figure 4.9(d-f)]. The change in particle

orientation can be attributed to the entropy-driven isotropic-nematic transition

of elongated particles, as already discussed in Subchapter 4.3. This transition

requires the reorientation of individual particles and nematic bundles, which is

more probable when the droplet is dried slowly, i.e., Pe ≤ 1.151 Having observed

orientationally ordered bundles of rods inside the supraparticles, our collaborators

computed the global nematic order parameter of the drying droplet at various

stages and compared this to the bulk simulations of rods.151 The bulk simulations

indicated an isotropic-nematic transition for rods of all aspect ratio, where there

was a decreasing tendency in the volume fraction of the transition with increasing

λ. Further, the simulations of the drying droplets suggested that the long-range

nematic ordering of rods was hindered because of the spherical confinement. The
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finding was consistent with prior studies of confined nematic systems.144;189 Nev-

ertheless, small nematic bundles were observed at volume fractions close to those

of isotropic-nematic transition in bulk.

The SDS-stabilized supraparticles prepared under slower evaporation kinetics

at Pee=10 (at RH=90%) showed the local nematic ordering of ellipsoids in the

interior [Figure 4.10]. Interestingly, this increase of orientation was only observed

after the stabilization, as ellipsoids oriented randomly inside the buckled supra-

particles formed at Pee=10 [Figure 3.11]. The orientational ordering of ellipsoids

during evaporation could be suppressed with increasing Péclet numbers as well

as confinement. Hence, we observe local nematic ordering of elongated particles

in the interior at Pee=10 with the experiments and Pe ≤ 1 with the simulations.
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Figure 4.9: Simulation cross-sections are shown with the upper right corner of
each supraparticle obtained in the (a-c) evaporation-limited (Pe ≫ 1) and (d-f)
diffusion-limited (Pe ≤ 1) drying regimes for λ= 4, 6, and 11 rods (from top to
bottom). Reprinted with permission from151. Copyright 2024 American Chemical
Society.
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Figure 4.10: The cross-section SEM images of supraparticles composed of λ=
7 ellipsoids at Pee=10. Images show the supraparticle interior by zooming out
from (a-c) and (d-f).

4.5 Conclusions

Since the prior experimental results conveyed the colloidal instability as the cause

of buckling, the stability of the dispersions was increased with the addition of

SDS. SDS increased the repulsive interactions between colloids and suppressed

buckling. As a result, spherical supraparticles, showing smooth surface texture,

were obtained starting from ellipsoids of varying aspect ratio, spheres, and sphere-

ellipsoid mixtures. Increasing the evaporation rate (with 170≤Pee≤200) was

shown to re-induce the buckling of pure-ellipsoid supraparticles.
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The orientational ordering of ellipsoids on supraparticle surfaces and interi-

ors was studied, as this was relevant in many technological applications, such

as optics. The ellipsoids only showed short-range lateral ordering on the sur-

face and no ordering along their long axis (40≤Pee≤70). This lateral ordering

of ellipsoids tended to increase with increasing aspect ratio. Complementary

drying simulations were performed for a broad Péclet range, which suggested a

strong influence of drying rate on the surface ordering of rods. The evaporation-

limited regime (70≤Pee≤140) displayed small, ordered bundles of rods, whereas

the diffusion-limited regime (Pe ≤ 1) showed the long-range surface ordering of

rods. Along the same lines, with the experimental supraparticles that were ob-

tained at the slowest evaporation rate (Pee=10), the lateral degree of ordering

extended up to five ellipsoid diameters on the surface. This increase in ellipsoid

ordering can be explained by the increase of the overall entropy, analogous to the

isotropic-nematic transition observed with liquid-crystalline phases. However, the

formation of nematic ordering could be suppressed with increasing drying rate as

well as spherical confinement.

In the evaporation-limited regime, the spherical supraparticles showed random

interior ordering of ellipsoids (at 40≤Pee≤70) both for experiments and simula-

tions (at 70≤Pee≤140). The final packing fraction of ellipsoids inside the ex-

perimental supraparticles decreased with increasing aspect ratio, which conveyed

the possibility of controlling supraparticle porosity. The local nematic ordering

of rods observed with the drying simulation cross-sections in the diffusion-limited

regime (Pe ≤ 1) was also achieved in the interior of the pure-ellipsoid supraparti-

cles at Pee=10.

All in all, the findings in Chapter 4 demonstrate (i) the importance of colloidal

stability and evaporation speed in determining the final supraparticle shape, (ii)

the potential to control the degree of ordering of ellipsoids (and rods) by tailoring

their aspect ratio and/or the evaporation rate, (iii) regulating the supraparticle

porosity by changing the ellipsoid aspect ratio.



Chapter 5

Binary Supraparticles with

Spherical Morphology

5.1 Motivation behind Using Binary Mixtures

Utilizing components of different shapes, e.g, sphere-ellipsoid mixtures, increases

the intricacy of the assembly process. To date, equilibrium conditions have shown

the phase separation of sphere-rod mixtures both experimentally and theoreti-

cally.190;191;192 Phase separation happens when excluded volume effects lead to

depletion interactions.192 The strength and range of these depletion interactions

depend on the size, aspect ratio and the concentration of the particles.191

The evaporation-induced self assembly of colloids is a non-equilibrium advection-

diffusion process. Therefore, the established equilibrium concepts cannot fully

predict the assembly pathway, but might be useful indeed. Confinement during

the evaporation process creates an additional complexity. Confinement of binary

mixtures can change the distribution and ordering of the components, which

would alter the supraparticle properties.149 For instance, simulation studies of

sphere-rod mixtures confined between two hard walls showed the destabilization

of orientational ordering of rods by spherical colloids.138 Phase separation can be

used in spherical confinement to produce a variety of multicomponent supraparti-

cles such as Janus or core-shell supraparticles.150 Previously, Xiao et al. induced

phase separation in a binary mixture of magnetic ellipsoids and nonmagnetic

spheres and obtained Janus photonic crystal supraparticles by the subsequent

83
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crystallization of ellipsoids.193 Therefore, studying structure formation in binary

supraparticles is complex and requires certain parameters such as ellipsoid aspect

ratio, evaporation rate, and particle volume concentration to be addressed.

5.2 Supraparticle Surfaces at Different Evapo-

ration Kinetics

Dispersion droplets of SDS-stabilized sphere-ellipsoid mixtures were evaporated

on superamphiphobic surfaces by varying the relative humidity, which led to dif-

ferent Péclet numbers. In all cases, the obtained supraparticles formed an almost

spherical morphology.151 In Subchapter 5.2 and 5.3, the total initial volume frac-

tion of colloids was 0.6% with equal volume ratio of the components ve:vs = 1.

Drying conditions of binary mixtures were characterized using two Péclet num-

bers (Pee and Pes), as long-time self-diffusion coefficients of ellipsoids and spheres

would differ. The surface SEM images were analyzed by counting the number of

ellipsoids and spheres. Knowing the number and sizes of particles, their relative

area fractions, denoted as σe for ellipsoids and σs for spheres, were calculated.

In the first set of experiments, supraparticles were prepared under higher

humidity (at RH=75%), which led to 40≤Pee≤50 and Pes=10. In this case,

supraparticle surfaces were predominantly covered by the ellipsoids for all as-

pect ratios (82≤σe≤96 and 4≤σs≤18) [Figure 5.1(a-c)]. In the second set of

experiments, supraparticles were prepared under lower humidity (at RH=30%),

which led to 120≤Pee≤200 and 30≤Pes≤50. The increase in evaporation rate

drastically changed the distribution of the components on the supraparticle sur-

face. Under such conditions, the surfaces were occupied by ellipsoids and spheres

almost evenly [Figure 5.1(d-f)].
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Figure 5.1: SEM images of the surface of supraparticles composed of sphere-
ellipsoid mixtures, with ellipsoids having a) λ= 4 (at Pee=40), b) λ= 6 (at
Pee=50), c) λ= 11 (at Pee=50), d) λ= 4 (at Pee=130), e) λ= 6 (at Pee=120),
and f) λ= 11 (at Pee=200). The left column corresponds to slower evaporation
experiments performed at RH=75%, whereas the right one shows faster evapora-
tion experiments performed at RH=30%. The relative area fractions σe and σs

are indicated on the SEM images. Reprinted with permission from151. Copyright
2024 American Chemical Society.

By slowing down the evaporation further, sphere-ellipsoid (λ= 7) binary

supraparticles were obtained at RH=90%, leading to Pee=15 and Pes=5. Figure

5.2 (left) depicts the spherical morphology of the cut supraparticle. As was the
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case with slower evaporation above, the surface was mostly occupied by ellipsoids

with σe=86% and σs=14% [Figure 5.2 (right)].

λ=7

Pee=15
σe=86%
σs=14%

Figure 5.2: SEM images showing the final morphology of a binary supraparti-
cle cut in half (left) and the corresponding surface (right), composed of λ= 7
ellipsoids. The evaporation experiments were performed at RH=90%, leading to
Pee=15 and Pes=5. The relative area fractions σe and σs are indicated on the
surface SEM image.

5.3 Supraparticle Interior at Different Evapora-

tion Kinetics

The interior distribution of the constituent particles at different evaporation ki-

netics was imaged by SEM after cutting the supraparticles with a scalpel. Under

higher relative humidity conditions (at RH=75% with 40≤Pee≤50 and Pes=10),

i.e., slower evaporation rate, the cross-section images displayed a single layer of

ellipsoids oriented parallel to the interface [Figure 5.3(b)]. This layer was followed

by a homogeneous mixture of ellipsoids and spheres inside the supraparticle, in-

dependent of the ellipsoid aspect ratio [Figure 5.3(a)].151 Upon evaporation under

lower relative humidity (at RH=30% with 120≤Pee≤200 and 30≤Pes≤50), the

single shell layer of the sphere-ellipsoid mixture was observed [Figure 5.3(c)].

Following this, ellipsoids and spheres showed a random distribution inside the

supraparticles for all aspect ratios [Figure 5.3(d)].151
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Figure 5.3: The cross-section SEM images of the supraparticles composed of
sphere-ellipsoid mixtures, with ellipsoids having a) λ= 6 (at Pee=40), b) λ= 11
(at Pee=50), c) λ= 6 (at Pee=120), and d) λ= 11 (at Pee=200). The left column
corresponds to slower evaporation experiments performed at RH=75%, whereas
the right one shows faster evaporation experiments performed at RH=30%.
Reprinted with permission from151. Copyright 2024 American Chemical Soci-
ety.

To analyze the effect of using binary mixtures on the final colloid volume

fraction inside the supraparticles, we further calculated ϕf by performing im-

age analysis of the evaporation videos as described in Subchapter 4.4. Table 5.1

shows the total initial volume fractions (ϕ0) and the ϕf computed for slower and

faster evaporation rates for sphere-ellipsoid mixtures (of λ= 4, 6, and 11 ellip-

soids). Accordingly, ϕf exhibited a decreasing trend with increasing aspect ratio

of ellipsoids in the binary supraparticles. The decrease in ϕf can be explained

by the random orientation of ellipsoids, which restricts the packing of spheres.

ϕf values obtained at faster evaporation rate (under lower relative humidity con-

ditions) were slightly lower than those at slower evaporation rate. This showed
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that fast evaporation can prevent the systems from relaxing into a close-packed

configuration.151

λ ϕ0 ϕf slow ϕf fast
4 0.0066±0.0002 0.59±0.02 0.54±0.02
6 0.0066±0.0004 0.52±0.03 0.50±0.03
11 0.0066±0.0004 0.48±0.03 0.45±0.03

Table 5.1: Final volume fractions of binary supraparticles at slower evaporation
rate (40≤Pee≤50 and Pes=10) and at faster evaporation rate (120≤Pee≤200
and 30≤Pes≤50). Reprinted with permission from151. Copyright 2024 American
Chemical Society.

Drying simulations of sphere-rod mixtures were performed by our collabora-

tors and to further examine the distri-

bution of colloids at different Péclet regimes. The total initial volume fraction

was set as ϕ0= 0.08, with equal volume fractions of rods (ϕ0,e) and spheres (ϕ0,s).

Simulations were performed with and without hydrodynamic interactions, as was

the case for pure rod systems, however, no major differences were observed with

the results.151 Hence, the following simulation results excluded the hydrodynamic

interactions between particles to save computing time.

One half of the cross-section snapshots below showed the evaporation-limited

drying simulations (70≤Pee≤140) and the other half showed the diffusion-limited

drying simulations (Pee=1) for sphere-rod mixtures (of λ= 4, 6, and 11 rods)

[Figure 5.4]. The evaporation-limited regime showed randomly packed rods inside

the supraparticles with spheres filling the interstitial spaces. In contrast, the

diffusion-limited regime showed small nematic bundles of rods together with some

randomly packed rods and spheres for λ= 6 and 11. Additional bulk simulations

of sphere-rod mixtures with volume fractions ranging from 0.10 to 0.60 were

performed to better comprehend the distribution and alignment of colloids.151

For mixtures containing λ= 4 and 6 rods, the system always remained mixed. For

the largest aspect ratio (λ= 11), however, phase separation started at ϕ= 0.40.

At ϕ= 0.50, the mixture was demixed and the rods were nematically aligned. The

global nematic ordering of rods in the bulk simulations was almost completely

suppressed in the presence of spheres for λ= 4 and 6.151
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Figure 5.4: The cross-section simulation snapshots of (a-c) diffusion-limited (Pe≤
1) and (d-f) evaporation-limited (Pe ≫ 1) drying regimes for sphere-rod supra-
particles, having λ= 4, 6, and 11 rods (from top to bottom). Reprinted with
permission from151. Copyright 2024 American Chemical Society.
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Drying simulations were used to compute the sphere and rod volume fractions

as a function of radial position in the supraparticle from their respective number

density profiles.151 Figure 5.5 shows the volume-fraction profiles at initial, inter-

mediate and final stages of drying for λ= 11 rods in both Péclet regimes (Pee=1

and Pee=140). In both cases, supraparticle surfaces were occupied by a thin shell

of rods, which was subsequently followed by a sphere dominated region. This seg-

regation behaviour was consistent for all drying speeds as well as when varying

rod aspect ratio.151 This result was different from our experiments, in which fast

evaporation rates (low relative humidity experiments) indicated a homogeneous

distribution of ellipsoids and spheres on the supraparticle surface. A source of dis-

crepancy between experiments and simulations was related to finite-size effects.

In simulations, the ratio between the characteristic size of the supraparticle and

the colloidal particles was about 10 for the longest rods, whereas this was close to

150 in the experiments. Another important difference was the interfacial effects

that might be present after stabilizing the dispersions with SDS. Such interfacial

interactions were not captured by the simulation model and could be changing

the surface structure.
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Figure 5.5: Volume fraction profiles computed from drying simulations at a)
diffusion-limited regime (Pee=1) and b) evaporation-limited regime (Pee=140)
for mixtures of spheres (ϕs, orange) and rods (ϕe, black) with λ= 11. The total
colloid volume fraction in the droplet (ϕ= 0.08, 0.16, 0.64), corresponding to
the computed volume fraction profiles, are shown with dotted gray lines. Insets
indicate the cross-section snapshots of supraparticles at ϕ= 0.64. Reprinted with
permission from151. Copyright 2024 American Chemical Society.

The binary supraparticles (containing λ= 7 ellipsoids) obtained close to diffusion-

limited regime with Pee=15 and Pes=5 (at RH=90%) also exhibited a random

distribution of ellipsoids and spheres in the supraparticle interior [Figure 5.6]. No



CHAPTER 5. BINARY SUPRAPARTICLESWITH SPHERICALMORPHOLOGY92

region with aligned ellipsoids or phase separation of ellipsoids and spheres were

observed.

λ=7

Pee=15

Figure 5.6: The cross-section SEM images of binary supraparticles, composed
of spheres and λ= 7 ellipsoids. The evaporation experiments were performed at
RH=90%, leading to Pee=15 and Pes=5. Images are obtained by zooming out
from the same region of interest from left to right.

5.4 Supraparticles Obtained by Varying Ellip-

soid to Sphere Volume Ratio

Volume concentration of the constituent particles is another important parame-

ter to study apart from the particle sizes or evaporation rate. For that reason,

I prepared sphere-ellipsoid (λ= 7) binary supraparticles at different volume ra-

tio of the components (ve:vs = 0.4, 2.5, 5, and 10) to analyze any changes in

ellipsoid ordering with the addition of spheres. While doing so, the evaporation

experiments were conducted at the slowest rate (at RH=90%, with Pee=15 and

Pes=5) to be as close to the diffusion-limited Péclet regime as possible.

As before, the SDS-stabilized binary mixtures formed spherical supraparti-

cles in all cases [Figure 5.7(a)]. For ve:vs = 0.4, the supraparticle surfaces were

mostly occupied by spheres (σs=79%) that showed no crystalline regions [Figure

5.7(b)]. The ellipsoids that appeared on the surface were about σe=21% and

filled in the interstitial spaces. In the case of binary supraparticles having ini-

tially ve:vs = 2.5, 5, and 10, the surfaces were predominantly occupied by the

ellipsoids (92≤σe≤99 and 1≤σs≤8) [Figure 5.7(c-e)]. It is important to signify

here that the orientational ordering of ellipsoids on the surface was reduced in



CHAPTER 5. BINARY SUPRAPARTICLESWITH SPHERICALMORPHOLOGY93

binary supraparticles compared to pure ellipsoid supraparticles. The 2D heat

map shown in Figure 5.7(f) was computed for the ve:vs = 2.5 case considering

the SEM image in Figure 5.7(c). The heat map displayed almost no longitudinal

and no lateral ordering of ellipsoids on the supraparticle surface.

λ=7

Pee=15

a

c

d

e

f

b

σe=21%
σs=79%

σe=92%
σs=8%

ve:vs=0.4

ve:vs=2.5

ve:vs=5

ve:vs=10

σe=99%
σs=1%

σe=99%
σs=1%

Figure 5.7: SEM images showing a) the final morphology of a binary supraparticle
cut in half, and the surface of sphere-ellipsoid (λ= 7) binary supraparticles when
ve:vs = b) 0.4, c) 2.5, d) 5, e) 10. The relative area fractions σe and σs are
indicated on the images. The supraparticles were prepared at Pee=15 and Pes=5.
f) The 2D heat map for the order parameter S † was computed from the SEM
image of the supraparticle surface shown in c).

Visual inspection of the cross-section SEM images revealed the formation of

a thin shell layer of colloids [Figure 5.8], as was observed previously. The local
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nematic ordering of ellipsoids, which was obtained with pure ellipsoid supraparti-

cles under the same evaporation conditions, was fully suppressed in this case by

the presence of spheres. For all volume ratio of the components investigated,

ellipsoids and spheres showed a random distribution and did not phase separate

in the interior. The hindrance of phase separation might be stemming from the

non-equilibrium state of the drying droplet and by the spherical confinement,

which would lead to different behavior compared to bulk.179

ve:vs=5

ve:vs=10

a c

db

ve:vs=0.4

ve:vs=2.5

Figure 5.8: The cross-section SEM images of sphere-ellipsoid (λ= 7) supraparti-
cles when ve:vs = a) 0.4, b) 2.5, c) 5, d) 10. The supraparticles were prepared
at Pee=15 and Pes=5.

5.5 Conclusions

Chapter 5 showed the formation of sphere-ellipsoid binary supraparticles with a

spherical morphology, during which the ellipsoid aspect ratio (λ= 4, 6, 7, and

11), the evaporation rate and the volume ratio of the components varied. The

relative area fractions of spheres and ellipsoids on the supraparticle surfaces were

altered dramatically by changing the evaporation rate. The binary supraparticle
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surfaces obtained at higher relative humidity (15≤Pee≤50) were composed largely

of ellipsoids, whereas those obtained at lower relative humidity (120≤Pee≤200)

showed an almost even accumulation of both constituents.

The cross-sections of binary supraparticles indicated an ellipsoid-rich surface

monolayer (15≤Pee≤50). Drying simulations of binary mixtures also exhibited

this thin layer of rods at the surface, which was consecutively followed by an

additional sphere-rich region. Ellipsoids (rods in case of simulation results) and

spheres packed randomly inside the binary supraparticles formed at 15≤Pee≤200

with the experiments and at 70≤Pee≤140 with the simulations. The diffusion-

limited drying simulations (Pe ≤ 1) exhibited the formation of small, nematic

bundles of rods in the supraparticle interior for λ= 6 and 11. Furthermore, the

experimental binary supraparticles showed an increase in porosity with increasing

ellipsoid aspect ratio, as was predicted for random packing of pure ellipsoids.

More binary supraparticles were studied by tuning the ellipsoid to sphere

volume ratio (ve:vs = 0.4, 2.5, 5, and 10) at Pee=15 and Pes=5. For the case

of ve:vs = 0.4, the surfaces were covered mostly with spheres, while for ve:vs

= 2.5, 5, and 10, the surfaces consisted mostly of ellipsoids. In comparison with

pure-ellipsoid supraparticles, the orientational ordering of ellipsoids on the binary

supraparticle surfaces decreased in the presence of spheres. The local nematic

ordering of ellipsoids in the interior was already disrupted in case of ve:vs = 1

(at Pee=15). Likewise, the ellipsoids and spheres were randomly distributed in

the interiors despite varying the volume ratio of the components. I observed no

phase separation of ellipsoids and spheres inside the supraparticles in any case,

which was attributed to the non-equilibrium state of the confined droplet.



Chapter 6

Summary and Outlook

During my doctoral studies, I worked on the structure formation in supraparti-

cles composed of ellipsoids and sphere-ellipsoid mixtures under varying ellipsoid

aspect ratio and evaporation rates. To focus on studying the physics of supra-

particle formation, I used PS colloids to differentiate the effects of particle shape

from those of material properties. I fabricated supraparticles by evaporating the

respective aqueous dispersion droplets on silicone nanofilaments-based superam-

phiphobic surfaces. The superamphiphobic surfaces allowed using polymeric and

surfactant dispersions as well as monitoring the evaporation process in a slow and

controlled manner. The effect of evaporation rate on the structure formation was

characterized through the dimensionless Péclet number Pe.

Chapter 3 demonstrated the formation of nonspherical supraparticles inde-

pendent of the primary colloid shape, initial colloid volume fraction and evapo-

ration rate in case of low colloidal stability. The evaporation videos and confocal

imaging showed that the droplets buckled like an elastic shell towards the end

of evaporation. Buckling was attributed to the stress-induced deformation of a

shell of particles at the droplet surface occurring when the attractive interactions

between the particles dominated the stabilizing electrostatic forces. Probing the

final supraparticle shape was important, as different applications would require a

different shape. For instance, buckled anisotropic supraparticles could be favor-

able in dynamic flows as self-propelling materials and they can orient in external

stimuli (magnetic, electric or shear).132

On the other hand, spherical supraparticles might be desired for drug deliv-

96
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ery and encapsulation. Therefore, I made further evaporation experiments, which

were discussed in Chapter 4, aiming to prevent buckling. This was achieved by

adding the surfactant SDS to the dispersion droplets, which increased the sta-

bilizing repulsive interactions between the colloids. The resultant supraparticles

were spherical with a smooth surface texture, which facilitated quantifying the

range of orientational ordering of ellipsoids. Increasing humidity decreased the

evaporation rate leading to Pee=10, at which the ellipsoids exhibited an increase

of ordering on the supraparticle surface and local nematic ordering in the inte-

rior. Complementary drying simulations corroborated the experimental results

showing long-range surface ordering and interior local nematic ordering of rods

in the diffusion-limited drying regime (Pe ≤ 1). Both experimental and simula-

tion results indicated that the degree of ordering of elongated particles increased

by increasing their aspect ratio. Thus, the orientational ordering of ellipsoids

in the experiments can still be improved by increasing the aspect ratio and/or

decreasing the evaporation rate. The findings in this study shows the potential to

control the degree of ordering of elongated colloids, which is highly desired for var-

ious applications such as optics, photonics, and sensing.194 Such applications can

be realized by conducting similar evaporation experiments on superamphiphobic

surfaces to create supraparticles using functional elongated colloids, e.g. silica or

gold rods.151

The final volume fraction of ellipsoids in the supraparticles was calculated for

those obtained at 40≤Pee≤70 by analyzing the evaporation videos. A decreasing

tendency in the final volume fraction of the randomly packed ellipsoids was found

with increasing aspect ratio. These results indicate that porous supraparticles

can be produced by utilizing more elongated ellipsoids, which can then be used

in catalysis.2

To examine how the ordering and distribution of ellipsoids composing the

supraparticles might differ with the addition of spheres, I fabricated binary supra-

particles using sphere-ellipsoid mixtures. Chapter 5 showed the spherical final

morphology of such binary supraparticles obtained at higher relative humidity

(15≤Pee≤50) and at lower relative humidity (120≤Pee≤200), after stabilizing

the dispersions with SDS. The supraparticle surfaces were occupied by ellipsoids
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in the former, i.e., with slower evaporation, whereas an almost even distribution of

constituents were observed in the latter case. The ellipsoid-rich surface monolayer

(at 15≤Pee≤50) indicated by the cross-section SEM images was further confirmed

with drying simulations of binary mixtures, which showed a rod-rich surface layer

with an additional sphere-rich region underneath. This finding suggests the possi-

bility of creating core-shell supraparticles provided that the ellipsoid aspect ratio

and the sphere diameter are adjusted finely.151

Binary supraparticles exhibited random distribution of ellipsoids/rods and

spheres in the interior at the evaporation-limited regime (at 15≤Pee≤200 with

the experiments and 70≤Pee≤140 with the simulations). In the diffusion-limited

drying simulations (Pe ≤ 1), λ= 6 and 11 rods showed small nematic bundles

inside the supraparticle. The randomly packed binary supraparticles displayed

an increase in porosity with increasing ellipsoid aspect ratio. A way to further

increase the porosity of these supraparticles could be by subsequently sacrificing

the constituent spheres by calcination, as previously shown for bidisperse sphere

mixtures.2;195

The presence of spheres in the binary supraparticles decreased the orienta-

tional ordering of ellipsoids on the surface as well as in the interior, when com-

pared to pure-ellipsoid supraparticles. Despite varying the ellipsoid to sphere

volume ratio (ve:vs = 0.4, 2.5, 5, and 10) in the binary mixtures, there was no

phase separation between spheres and ellipsoids, which remained randomly dis-

tributed inside the supraparticles. Phase separation of the components during

supraparticle formation can be attained by fine-tuning the degree of spherical

confinement, the initial colloidal volume fractions and the size of the colloids.

The phase separation behavior is important to study, as it can be utilized for

producing multicomponent supraparticles, such as core-shell and Janus.

The presented work in this thesis is a fundamental study that emphasizes the

significance of several parameters on the structure formation of superparticulate

matter. One of these parameters is shape, i.e., the aspect ratio of ellipsoids,

which changes the orientational ordering and supraparticle porosity. Another

important parameter is the interparticle interactions, which directly influence the

final supraparticle morphology. The addition of spheres, for instance, has proven
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to be another way to alter the ordering of ellipsoids within the supraparticle.

Finally, the evaporation rate has a dramatic effect on buckling, the ordering of

elongated colloids, and particle distribution in case of binary supraparticles. All

of such aspects should be taken into consideration when designing supraparticles

from anisotropic colloids, as they alter the morphology and ordering which in

turn define the functionality of the assembled structure. I hope the key findings

in this study inspires the utilization of ellipsoidal particles into highly defined

supraparticles to be used in several research areas in the future.
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Manuel Marquez, and Orlin D. Velev. Synthesis of light-diffracting assem-

blies from microspheres and nanoparticles in droplets on a superhydropho-

bic surface. Advanced Materials, 20(22):4263–4268, 2008.

[71] J.H. Moon, G.-R. Yi, S.-M. Yang, D.J. Pine, and S.B. Park. Electrospray-

assisted fabrication of uniform photonic balls. Advanced Materials,

16(7):605–609, 2004.

[72] Renhua Deng, Lisong Yang, and Colin D. Bain. Combining inkjet printing

with emulsion solvent evaporation to pattern polymeric particles. ACS

Applied Materials & Interfaces, 10(15):12317–12322, 2018.



BIBLIOGRAPHY 109

[73] G.-R. Yi, V.N. Manoharan, S. Klein, K.R. Brzezinska, D.J. Pine, F.F.

Lange, and S.-M. Yang. Monodisperse micrometer-scale spherical assem-

blies of polymer particles. Advanced Materials, 14(16):1137–1140, 2002.

[74] C Charcosset, I Limayem, and H Fessi. The membrane emulsification

process—a review. Journal of Chemical Technology & Biotechnology,

79(3):209–218, 2004.

[75] Andrew Utada, Liang-Yin Chu, Alberto Fernandez-Nieves, Darren Link,

C. Holtze, and D. Weitz. Dripping, jetting, drops, and wetting: The magic

of microfluidics. MRS Bulletin, 32:702–708, 2007.

[76] K. Landfester. Synthesis of colloidal particles in miniemulsions. Annual

Review of Materials Research, 36(1):231–279, 2006.

[77] Katharina Landfester. Miniemulsion polymerization and the structure of

polymer and hybrid nanoparticles. Angewandte Chemie International Edi-

tion, 48(25):4488–4507, 2009.

[78] Johann Lacava, Ahmed-Amine Ouali, Brice Raillard, and Tobias Kraus.

On the behaviour of nanoparticles in oil-in-water emulsions with different

surfactants. Soft Matter, 10:1696–1704, 2014.

[79] Thomas Kister, Marko Mravlak, Tanja Schilling, and Tobias Kraus.

Pressure-controlled formation of crystalline, janus, and core–shell supra-

particles. Nanoscale, 8:13377–13384, 2016.

[80] Emanuele Marino, Thomas Kodger, Gerard Wegdam, and Peter Schall.

Revealing driving forces in quantum dot supercrystal assembly. Advanced

Materials, 30:1803433, 2018.

[81] Young-Sang Cho, Gi-Ra Yi, Shin-Hyun Kim, David J. Pine, and Seung-

Man Yang. Colloidal clusters of microspheres from water-in-oil emulsions.

Chemistry of Materials, 17(20):5006–5013, 2005.

[82] Orlin D. Velev, Abraham M. Lenhoff, and Eric W. Kaler. A class

of microstructured particles through colloidal crystallization. Science,

287(5461):2240–2243, 2000.



BIBLIOGRAPHY 110

[83] Vinothan N. Manoharan, Mark T. Elsesser, and David J. Pine. Dense pack-

ing and symmetry in small clusters of microspheres. Science, 301(5632):483–

487, 2003.

[84] Yuchi Yang, Biwei Wang, Xiudi Shen, Luyin Yao, Lei Wang, Xiao Chen,

Songhai Xie, Tongtao Li, Jianhua Hu, Dong Yang, and Angang Dong. Scal-

able assembly of crystalline binary nanocrystal superparticles and their en-

hanced magnetic and electrochemical properties. Journal of the American

Chemical Society, 140(44):15038–15047, 2018.

[85] L. L. A. Adams, Thomas E. Kodger, Shin-Hyun Kim, Ho Cheng Shum,

Thomas Franke, and David A. Weitz. Single step emulsification for the

generation of multi-component double emulsions. Soft Matter, 8:10719–

10724, 2012.

[86] Teresa Brugarolas, Fuquan Tu, and Daeyeon Lee. Directed assembly of

particles using microfluidic droplets and bubbles. Soft Matter, 9:9046–9058,

2013.

[87] Ju Hyeon Kim, Tae Yoon Jeon, Tae Min Choi, Tae Soup Shim, Shin-Hyun

Kim, and Seung-Man Yang. Droplet microfluidics for producing functional

microparticles. Langmuir, 30(6):1473–1488, 2014.

[88] Dhananjay Dendukuri and Patrick S. Doyle. The synthesis and assem-

bly of polymeric microparticles using microfluidics. Advanced Materials,

21(41):4071–4086, 2009.

[89] Jing-Tao Wang, Juan Wang, and Jun-Jie Han. Fabrication of advanced par-

ticles and particle-based materials assisted by droplet-based microfluidics.

Small, 7(13):1728–1754, 2011.

[90] Shelley L. Anna, Nathalie Bontoux, and Howard A. Stone. Formation of

dispersions using “flow focusing” in microchannels. Applied Physics Letters,

82:364–366, 2003.

[91] T. Nisisako, T. Torii, T. Takahashi, and Y. Takizawa. Synthesis of monodis-



BIBLIOGRAPHY 111

perse bicolored janus particles with electrical anisotropy using a microfluidic

co-flow system. Advanced Materials, 18(9):1152–1156, 2006.

[92] Shengqing Xu, Zhihong Nie, Minseok Seo, Patrick Lewis, Eugenia Ku-

macheva, Howard A. Stone, Piotr Garstecki, Douglas B. Weibel, Irina

Gitlin, and George M. Whitesides. Generation of monodisperse particles by

using microfluidics: Control over size, shape, and composition. Angewandte

Chemie International Edition, 44(5):724–728, 2005.

[93] E. Amstad, M. Chemama, M. Eggersdorfer, L. R. Arriaga, M. P. Brenner,

and D. A. Weitz. Robust scalable high throughput production of monodis-

perse drops. Lab Chip, 16:4163–4172, 2016.

[94] N. Tsapis, E. R. Dufresne, S. S. Sinha, C. S. Riera, J. W. Hutchinson,

L. Mahadevan, and D. A. Weitz. Onset of buckling in drying droplets of

colloidal suspensions. Phys. Rev. Lett., 94:018302, 2005.
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[123] Vinayak Rastogi, Antonio A. Garćıa, Manuel Marquez, and Orlin D. Velev.

Anisotropic particle synthesis inside droplet templates on superhydrophobic

surfaces. Macromolecular Rapid Communications, 31(2):190–195, 2010.

[124] Carola Seyfert, Erwin J. W. Berenschot, Niels R. Tas, Arturo Susarrey-

Arce, and Alvaro Marin. Evaporation-driven colloidal cluster assembly

using droplets on superhydrophobic fractal-like structures. Soft Matter,

17:506–515, 2021.

[125] Jinming Zhou, Jing Yang, Zhandong Gu, Guofu Zhang, Yu Wei, Xi Yao,

Yanlin Song, and Lei Jiang. Controllable fabrication of noniridescent mi-

croshaped photonic crystal assemblies by dynamic three-phase contact line

behaviors on superhydrophobic substrates. ACS Applied Materials & In-

terfaces, 7(40):22644–22651, 2015.

[126] Sanghyuk Wooh, Hannah Huesmann, Muhammad Nawaz Tahir, Maxime

Paven, Kristina Wichmann, Doris Vollmer, Wolfgang Tremel, Periklis Pa-

padopoulos, and Hans-Jürgen Butt. Synthesis of mesoporous supraparti-

cles on superamphiphobic surfaces. Advanced Materials, 27(45):7338–7343,

2015.



BIBLIOGRAPHY 115

[127] Huanshu Tan, Christian Diddens, Michel Versluis, Hans-Jürgen Butt,

Detlef Lohse, and Xuehua Zhang. Self-wrapping of an ouzo drop induced

by evaporation on a superamphiphobic surface. Soft Matter, 13:2749–2759,

2017.

[128] M.I. Rial-Hermida, N.M. Oliveira, A. Concheiro, C. Alvarez-Lorenzo, and

J.F. Mano. Bioinspired superamphiphobic surfaces as a tool for polymer-

and solvent-independent preparation of drug-loaded spherical particles.

Acta Biomaterialia, 10(10):4314–4322, 2014.

[129] H. Tan, Sanghyuk Wooh, Hans-Jürgen Butt, Xuehua Zhang, and D. Lohse.

Porous supraparticle assembly through self-lubricating evaporating colloidal

ouzo drops. Nature Communications, 10(478):1–8, 2019.

[130] Takafumi Sekido, Sanghyuk Wooh, Regina Fuchs, Michael Kappl, Yoshi-

nobu Nakamura, Hans-Jürgen Butt, and Syuji Fujii. Controlling the

structure of supraballs by ph-responsive particle assembly. Langmuir,

33(8):1995–2002, 2017.

[131] Atsushi Fujiwara, Junwei Wang, Shotaro Hiraide, Alexander Götz, Mi-
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